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Abstract

Following a recent series of failures of overhauled third stage turbine blades in the JT8D15A gas turbine engine, new inspection criteria have been introduced by the engine
manufacturer Pratt & Whitney. One such inspection checks for airfoil bowing and lean. A
blade will bow or lean towards the suction face of the airfoil as a result of creep during
engine operation. Third stage turbine blades from the JT8D low pressure turbine have
been observed with as much as two millimetres of deflection measured at mid-span. In a
geometrically correct T3 blade, the tensile centrifugal load due to engine rotation will act
in a near radial line. In a bowed blade, the centroids of the blade cross-sections at
different radii are displaced tangentially away from their design positions. This
displacement introduces a centrifugal bending stress which may result in part failure.
Blade lean, where the shroud displaces relative to the blade root, has a similar effect on
blade loading. Bowing and lean can result in up to 30% of blades being considered
unacceptable for overhaul, a problem of critical importance to the industrial partner,
SIFCO Ireland. This project is thus concerned with determining whether airfoil bowing,
or airfoil lean, will raise the stresses in the blade by an order of magnitude to cause the
part to fail at maximum engine power setting.
An analytical method for the calculation of the blade-to-blade flow field around the airfoil
of an axial flow turbine rotor is presented. This analysis tool is utilised to predict the
pressure distributions on the rotor airfoil using an airfoil stacking technique. The method
treats the flow as a sequence of radially stacked two-dimensional calculations. Radial
variation of flow properties and angles is included. The analysis considers the time
dependent Navier-Stokes equations in conservation-law form for inviscid, thermal,
compressible flow. These laws are expressed in terms of partial differential equations,
which are discretised through finite element based techniques.
During operation, gas turbine blades are subject to both structural and thermal stresses.
The geometry of the third stage rotor blade is modelled using p-type brick elements. The
structural and thermal loads are derived from the flow models described. The stress
distribution in the rotor blade material is computed for variously leaned and bowed
models within limits specified by the industrial partner. Extensive finite element model
results are presented, analysing the maximum compressive and tensile principal stresses
at arbitrary radial positions along the span of these airfoil models. The Von Mises theory
of elastic failure is utilised to contrast the intensity of stress in these models to the yield
strength of the Inconel 713C Nickel-base superalloy.
The finite element analyses undertaken indicate that bowing of the airfoil portion of
JT8D-15A third stage turbine blades is a much more significant factor in raising
significant stress levels than comparable leaning of a blade.

11

Acknowledgements

Firstly, I would like to express my gratitude and deepest appreciation to my project
supervisor, Mr. Sean F. O’Leary, who initiated this project and acted as my internal
supervisor. I am indebted to Mr. Edward Warren-Perry of SIFCO Ireland, Ltd., and to
Mr. Keith Bryan of CIT. Their advice and suggestions throughout the course of this
project were always found to be extremely practical and helpful.

1 would like to extend a special word of thanks to Mr Karl Marriott, Industrial Manager Gas Turbines of

INCO

Alloys Limited, and to Mr. Luigi Cordani, Software Support

Manager, IDAC Limited. I am also grateful to the staff of the Mechanical Engineering
Department of CIT. Particular thanks must go to Dan Kelleher for fixing my computer on
more than one occasion.

Many thanks must go to all of the postgrads in CIT who made completing this thesis a
far more enjoyable experience than it might otherwise have been. In particular, thanks to
Dan and Peter; Damien, John Kelly, Paul and Chris; not forgetting John Cronin, of
course.

And Gill; thank you for your patience over these last months, and for staying away so
often so that 1 could write up this thesis.

Finally, to my parents; profound appreciation for their concern and support throughout
the years of my education. Sincerest thanks.

There's two possible outcomes: If the result confirms the hypothesis, then
you've made a measurement. If the result is contrary to the hypothesis,
then you've made a discovery. -Enrico Fermi, (1901-1954).

Ill

Table of Contents
Title Page
Abstract
Acknowledgements
Table of Contents
List of Figures
List of Tables
List of Symbols

11

iii
iv
vii
xi
xii

Introduction

Chapter 1
1.1
1.2

Introduction
Objective
1.2.1
Research Objectives
1.2.2
Analysis Objective
1.2.3
Application Objective
1.3 Aim
1.4 Extent of Work
Chapter 2

Review of Turbine Blade Design Techniques

2.1
2.2

Introduction
Components and Working Cycle of the Gas Turbine
2.2.1
The Compressor
2.2.2
The Combustion Chamber
2.2.3
The Turbine
2.3 The Pratt & Whitney JT8D - An Overview
2.4 Energy Transfer in I'urbomachines
2.4.1
Impulse Turbine Stages
2.4.2
Fixed & Variable Reaction Turbine Stages
2.4.3
Euler’s Turbomachmery Equation
2.4.4
Components of Energy Transfer
2.5 Turbomachinery Blade Design
2.5.1
Lift Development of an Airfoil
2.5.2
Common Airfoil Nomenclature
2.5.3
The Importance of Blade Incidence Angles
2.5.4
Turbine Blade Aerodynamic Forces
2.6 Two-Dimensional Design of Turbine Blade Profiles
2.7 Three-Dimensional Design of Turbine Blade Profiles
2.7.1
Radial Equilibrium Theory
2.7.2
Free Vortex Turbine Stage
2.7.3
Determination of Rotor Flow Angles
2.7.4
Degree of Reaction
2.8 Conclusion
Chapter 3
3.1

6
7
9
10
10
12
15
15
15
17
18
20
20
22
23
25
25
26
27
29
30
33
35

Structural and Thermal Turbomachinery Loads

Introduction

36

iv

3.2

Structural Loads on Turbine Rotor Blading
3.2.1
Tensile Centrifugal Stresses
Bending Stresses
3.2.2
3.3 Thermal Loads on Turbine Rotor Blading
3.4 Compressible Elow
One- and Two-Dimensional Flows
3.4.1
Uniform Flow
3.4.2
3.5
Local Isentropic Stagnation Properties
3.5.1
Stagnation Temperature
Stagnation Pressure
3.5.2
Stagnation Property Relationships
3.5.3
Maximum Mass-Flow Parameter
3.5.4
3.6 Conclusion
Chapter 4

Turbine Blade Passage Flow Property Calculation

4.1
4.2
4.3

Introduction
Selection of Degree of Reaction at Rotor Hub
Mean Radius Flow Property Calculations
4.3.1
Degree of Reaction
4.3.2
Vector Polygons
4.3.3
Stage Loading & Flow Coefficients
4.3.4
Rotor Passage Stagnation Temperature and Pressure
4.3.5
Rotor Passage Stagnation Pressure
4.4 Flow Property Solution for Arbitrary Radial Positions
4.5
Automation of Flow Calculations using Microsoft Fxcel
4.6 Absolute or Relative Frames of Reference
4.7 Conclusion
Chapter 5
5.1
5.2
5.3

37
38
40
43
45
45
47
48
48
51
52
54
55

56
57
58
58
59
63
65
67
71
72
75
76

The Developed Fluid Flow Model

Introduction
Flow Model Design
Quasi-3Dimensional Analysis
5.3.1
The Though-flow Field
5.3.2
The Blade-to-Blade Field
5.3.3
Blade-to-Blade Model Formulation
5.3.4
Boundary Conditions for Turbine Blade Passages
5.4 Computational Fluid Mechanics
5.4.1
The Governing Equations
5.4.1.1
The Continuity Equation
5.4.1.2
The Momentum Equation
5.4.1.3
The Energy Equation
5.4.2
Numerical Discretisation of the Governing Equations of Fluid Flow
using the Finite Element Method
Model Generation
5.4.3
Model Solution
5.4.4
Model Convergence
5.4.5
5.5 Conclusion

77
77
78
79
80
81
82
85
86
86
87
88
89
93
96
98
99

Chapter6

The Developed Structural Model

6.1
6.2

Introduction
The Geometric Model
6.2.1
Surface Modelling
6.2.2
Solid Modelling
6.2.3
Measurement of Blade Geometry
6.3
Structural Finite Element Analysis
6.4 The Developed Finite Element Model
6.4.1
Model Generation
6.4.1.1
Solid Modelling
6.4.1.2
Direct Generation
6.4.2
Finite Elements
6.4.2.1
h-type Finite Elements
6.4.2.2
p-type Finite Elements
6.5 Turbine Blade Material Properties
6.5.1
Introduction
6.5.2
Properties of Inconel 713C
6.6 Conclusion
Chapter?

Introduction
Thermal Flow Results
7.2.1
Specification of Nodal Results
7.2.2
Airfoil Temperature Distribution
7.3
Structural Results
7.3.1
The Von Mises Theory of Elastic Failure
7.3.2
Saint-Venant’s Principle
7.3.3
Finite Element Model Structural Results
F. E. Model Structural Results for Geometrically Correct Blade
7.3.3.1
1332
Comparison of F. E. Model Structural Results with Literature
1333
Comparative Analysis of Stress Levels in Variously Bowed and
Leaned F.E. Models
7.4 Conclusion

8.1
8.2

113
114
114
115
118
118
120
124

125
126
126
128
137
137
138
141
142
146
147
149

Conclusions and Recommendations

Conclusions
Recommendations

References
Bibliography

Appendix A

no
no
no

Finite Element Model Analyses and Results

7.1
7.2

Chapters

100
100
101
101
101
105

157
162
163
165

Simulation Validity

A.l
Qualification, Verification & Validation
A.2
Element Benchmarking
A.2.1
Solid147 Element Validation
A.2.1.1
Classical Approach to Solution
A.2.1.2
Finite Element Approach to Solution

A-1
A-2
A-2
A-3
A-6

VI

A.2.1.3
Results Comparison
A.2.1.4
Input Data Listing
A.2.2 Fluid141 Element Validation
A.2.2.1
Classical Approach to Solution
A.2.2.2
Finite Element Approach to Solution
A.2.2.3
Results Comparison
A.2.2.4
Input Data Listing

Appendix B

An Investigation into Bowing & Lean of a Gas Turbine Engine Rotor
Blade - a paper presented at the 15th Conference of the Irish
Manufacturing Committee, 2nd - 4th September, 1998.

Appendix C

Airfoil Section Nodal Co-ordinates

Appendix D

Thermal Finite element Model Results

Appendix E

Structural Finite element Model Results

Appendix F

Pratt & Whitney JT8D Gas Turbine Engine

A-8
A-9
A-11
A-12
A-13
A-15
A-16

LIST OF FIGURES
Chapter 1
Fig. J.J

Rotor/stator configuration in an axial Jlow gas turbine engine.

Chapter 2
Fig. 2.1

The Ideal Brayton Cycle, (Cohen et. al, 1972).

Fig. 2.2

Twin spool, axial flow, gas turbine engine, (Jet Engine, 1987).

Fig. 2.3

Typical arrangement of a two spool turbine. (Jet Engine, 1987)

10

Fig. 2.4

A section through a two-stage turbine, (Harman, 1981).

14

Fig. 2.5

Energy transfer and energy transformation in an impulse turbine stage (A),
and in a reaction turbine stage, (B), (Yahya, 1983).

16

Fig. 2.6

Control Volume for a general turbomachine, (Mattingly, 1996).

17

Fig. 2.7

Velocity triangles for a typical turbine stage, (r3 ~ r2).

18

Fig. 2.8

Lift force on an inclined flat plate.

21

Fig. 2.9

Static pressure distribution around a typical cambered airfoil blade.

21

Fig. 2.10

Definition of camber, blade and air angles, (Yahya, 1983).

22

Fig. 2.11

(A) Plot ofprofile loss coefficient versus incidence angle, (Logan, 1981),
and (B),flow separation of an airfoil due to increasing incidence angle,

Fig. 2.12

(Douglas et. al.,1985)

24

Velocity triangles for a turbine stage

32

Vll

Chapter 3
Fig. 3.1

A twbine rotor subject to centrifugal stresses, (Mattingly, 1996).

38

Fig. 3.2

Bending moments acting on turbine rotor blading, (Cohen et. al, 1972).

41

Fig. 3.3

Effect ofpressure ratio and maximum turbine inlet temperature on, (A) the
efficiency, and (B), the power output of a gas turbine plant, (Yahya, 1983).

43

Fig. 3.4

One-Dimensional Fluid Flow, (Fox & McDonald, 1994).

46

Fig. 3.5

Two-Dimensional Fluid Flow in a Turbine Rotor Passage, (Mattingly, 1996).

46

Fig. 3.6

One-Dimensional Flidd Flow in a Turbine Rotor Passage incorporating
uniform flow at a section, (Mattingly, 1996).

Fig. 3.7

Control volume, a, in neighbourhood of airfoil leading edge, (Mattingly, 1996).

Fig. 3.8

Total temperature minus ambient temperature versus airfoil speed at 25,000ft.,

47
49

for constant gCp, (Mattingly, 1996).

50

Fig. 3.9

Definition of total pressure, (Mattingly, 1996).

51

Fig. 3.10

Compressible flow in an infinitesimal stream tube. Fox and McDonald, (1994).

52

Fig. 3.11

MFP versus Mach number, (Mattingly, 1996).

55

Fig. 4.1

A typical single stage turbine and associated velocity diagram.

56

Fig. 4.2

Variation of degree of reaction with radius ratio in a free vortex designed

Chapter 4

turbine stage, (Yahya, 1983).
Fig. 4.3

Variation of degree of reaction along the blade height in a free vortex
designed turbine stage, (Yahya, 1983).

Fig. 4.4

57

58

Variation of inlet and outlet blade angles, (32 and (33, with radial position for
JT8D T3turbine rotor.

60

Fig. 4.5

Velocity triangle at turbine rotor exit.

61

Fig. 4.6

Velocity triangle at turbine rotor entiy.

62

Fig. 4.7

Stage Efficiency versus stage loading and flow coefficients, corrected for
zero tip leakage, (Horlock, 1966).

Fig. 4.8

64

Flow property variation through a typical axial flow turbo-jet engine,
(Jet Engine, 1986).

66

Fig. 4.9

Flow annulus dimensions.

68

Fig. 4.10

Screen capture of Microsoft Excel Spreadsheet

73

Fig. 4.11

Relative and Absolute Velocities

75

Fig. 5.1

Intersecting Si and S2 surfaces in a Blade Row

79

Fig. 5.2

Quasi-3D System used in Tiwbine/Compressor Blading Design

80

Fig. 5.3

Rotor Blade Element Boundary Specification

84

Chapter 5

Vlll

Fig. 5.4

Example of rotor passage finite element mesh at an arbitrary radius, and,
inset, a view of the leading edge suction face boundary layer discretisation.

94

FluidI41 Two-dimensional Fluid-Thermal Element

95

Fig 6.1

Integration of CAD with the F.E.M., (Hsu & Sinha, 1992).

102

Fig 6.2

Manipulation of data during Post-Processing

103

Fig 6.3

Stored data points and resulting post-processed data points

103

Fig. 6.4

Fundamental operation of the F.E. Method

107

Fig. 6.5

A typical finite element analysis, (Blathe, 1996) and( Knight, 1992)

109

Fig. 6.6

Solid Model Generation : Lines - segment of turbine blade airfoil

111

Fig. 6.7

Solid Model Generation : Areas - segment of turbine blade airfoil

112

Fig. 6.8

Solid Model Generation : Volumes - segment of turbine blade airfoil

112

Fig. 6.9

Plot of strain energy. Eh, for finite element solution as element size h is

Fig. 5.5

Chapter 6

decreased,(Bathe, 1998).

115

Fig. 6.10

Brick and prism options for 3-D structural solid p-type finite elements.

116

Fig. 6.11

The 3rd stage Pratt & Whitney turbine blade illustrating, inset, areas of
high geometric curvature at L.E., T.E., and fillet

Fig. 6.12

117

Progress in high temperature capabilities of superalloys / advances in turbine
blade materials and processes. (Metals Handbook, Vol. 1).

Fig. 6.13-6.16

Physical and mechanical properties of cast nickel-base Inconel 713C.

120

122/23

Chapter 7
Fig. 7.1

Boundary ofCFD problem domain. A, and definition of nodal locations on the
corresponding blade profile, B.

Fig. 7.2

127

A, pressure distribution on a turbine cascade airfoil, (Mattingly, 1996), B,
typical local velocity distribution around turbine rotor airfoil, (Harman, 1981).

129

Fig. 7.3

Temperature Distribution - Section 1

130

Fig. 7.4

Velocity vector plot at trailing edge, pressure face, Section 1.

132

Fig. 7.5

Velocity vector plot at trailing edge, suction face. Section 1.

133

Fig. 7.6

Surface temperature distribution on suction face of T3 rotor aiifoil

135

Fig. 7.7

Surface temperature distribution on pressure face of T3 j’otor airfoil

135

Fig. 7.8

Turbine blade features, (Harman, 1981).

139

Fig. 7.9

Simplified model of the rotor blade root fixture

140

Fig. 7.10

1st Principal Stress versus Fractional Wetted Perimeter, Sections 2-7,
Geometricallycorrect airfoil.

Fig. 7.11

150

3rd Principal Stress versus Fractional Wetted Perimeter, Sections 2-7,
Geometrically correct airfoil.

151

IX

Fig. 7.12

Equivalent Stress versus Fractional Wetted Perimeter, Sections 2-7,
Geometricallycorrect airfoil.

Fig. 7.13

Equivalent Stress for Sections 2-7, JT8D T3 Blade subject to 1mm Tangential
Bow at mid-span.

Fig. 7.14

154

Equivalent Stress for Sections 2-7, JT8D T3 Blade subject to 1mm Tangential
Lean at Shroud Fixture.

Fig. 7.16

153

Equivalent Stress for Sections 2-7, JT8D T3 Blade subject to 2mm Tangential
Bow at mid-span.

Fig. 7.15

152

155

Equivalent Stress for Sections 2-7, JT8D T3 Blade subject to 2mm Tangential
Lean at Shroud Fixture.

156

Fig. A.l

Simulation model development process, (Wu, 1992).

A-l

Fig. A.2

Validation Problem Illustration

A-2

Fig. A.3

Validation Problem Illustration (Timoshenko, 1956).

A-4

Fig. A.4

Representative Finite Element Model

A-6

Fig. A.5

The Actual Finite Element Model

A-7

Appendix A

Fig. A. 6

Displacement of Finite Element Model

A-7

Fig. A. 7

Intensity of Stress

A-8

Fig. A.8

FluidMI Validation Problem Illustration

A-12

Fig. A. 9

Representative Finite Element Model

A-13

Fig. A . 10

Velocity Vector Display

A-14

Fig. A.l I

Velocity Profde Across Channel

A-14

Appendix C
Figs. C.l-C.8

Nodal Co-ordinates of a Geometrically Correct Airfoil, Sections 1-8.

Appendix D
Figs. D.l - D. 8

Nodal Temperature versus Fractional Wetted Perimeter, Sections 1-1

Appendix E
Figs. E.l -E. 14

1st and 3rd Principal Stresses and Equivalent Stress versus Fractional Wetted
Perimeter, Sections 2-7, Geometrically Correct Airfoil, Blade subject to 1 and
2mm Tangential Bow at mid-span. Blade subject to I and 2mm Tangential Lean
at Shroud Fixture.

Appendix F
Fig. F. I

Section through the JT8D gas turbine engine, (SIFCO, 1998).

LIST OF TABLES
Chapter 2
Table 2.1

Table 2.2

Specifications for a typical JT8D engine, (The Aircraft Gas Turbine Engine and
Its Operation, 1974)

12

Relationships yielding complete flow solution.

32

Chapter 3
Table 3.1

Equation set for determining local isentropic stagnation properties of an ideal gas. 54

Chapter 4
Table 4. J

Flow property and velocity triangle data at mean radius for one-dimensional
compressible flow

70

FluidMI Input Summaiy

95

Composition of heat-resistant. Nickel based casting alloy Inconel 713C.

121

Table 7.1

Thermal data corresponding to Figure 7.4

131

Table 7.2

Axial and Whirl Displacements, Section 5, Geometrically Correct Airfoil

145

Table A. I

Beam Geornetty and Mechanical Properties

A-3

Table A.2

Quantities determined using classical mechanics

A-6

Table A.3

Results comparison for SOLIDl 47 Element Validation Problem

A-8

Table A.4

Validation problem Geometry and Fluid Properties

A-Il

Table A. 5

Results comparison for FluidMI Element Validation Problem

A-15

Chapter 5
Table 5.1

Chapter 6
Table 6.1

Chapter 7

Appendix A

Appendix C
Table C.l - C. 8

Co-ordinates of surface nodes at Sections 1-8

Appendix D
Table D.l - D.8

Thermal data corresponding to Section 1-8, Figures D. 1- D.8

XI
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Symbols employed on a once-off, localised basis in this thesis are defined in the body of
the report and are not included in the following list of global symbols. The absolute
system of dimensions (mass-length-time-temperature) is used, and the units are based on
SI units (Systeme International d’Unites).
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Chapter 1
Introduction

1.1

Introduction

Circa AD 60, Hero of Alexandria designed and possibly constructed an aeolipile, a
simple form of turbine driven by jet propulsion. In 1794, John Barber designed and
patented an apparatus recognisable as a gas turbine engine. In 1930, Frank Whittle, of
the Royal Air Force, patented his design of an aircraft engine in which a gas turbine
provided a powerful propulsive jet, thereby initiating one of the great engineering
developments of the century, (Golley, 1997).

Whittle’s jet propulsion engine, or more correctly gas turbine engine, was, in essenee, a
heat engine using air as a working fluid to produce thrust. In a gas turbine, air is
compressed, fuel is added and the mixture is ignited. The resulting hot gases expand
rapidly and are harnessed to produce power. The turbine provides the power to drive the
compressor and accessories. This power is developed by extraeting kinetic energy from
the hot exhaust gases. These gases flow from the combustion system, expanding
through the turbine to a lower pressure and a lower temperature.

The axial turbine eonsists of one or more stages of alternate stationary and rotating
airfoil-section blades. The rotating blades are carried on a disk or rotor. The stationary
blades are housed in the turbine casing and form a ring which is concentric with the axis
of the turbine. The stationary blades, called nozzle guide, are oriented to form a series
of small nozzles discharging the gases onto the blades of the turbine wheel. The
discharge of gases onto the turbine rotor blades allows the kinetic energy of the gases to
be transformed to mechanical shaft energy. The turbine rotors are eonneeted by a shaft
to the eompressor rotating assembly. The number of shafts, and therefore turbines,
varies with the type of engine; high compression ratio engines usually have a high
pressure turbine and a low pressure turbine mounted on separate shafts, driving high and
low pressure compressors respectively.
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Nozzle Guide
Vane, or Stator

Turbine Blade
or Rotor

Figure 1.1

Rotor/stator configuration in an axial flow gas turbine engine.

The Pratt & Whitney JT8D is a twin-spool axial-flow gas turbine engine incorporating a
secondai7 bypass air duct encasing the entire length of the engine. The JT8D powers
approximately 4400 aircraft - more than half of the global commercial transport aircraft
fleet - including the Boeing 727, Boeing 737, and the McDonnell Douglas DC-9. Since
entering service in 1964, JT8D engines have accumulated more than three hundred
million flight hours and continue to fly more than seventeen million flight hours each
year.

During the first three months of 1995, nine low pressure turbine blade fractures in
JT8D-15A and -17A gas turbine engines were recorded. This rate of blade fracture was
higher than any previously experienced. All blade fractures occurred in recently repaired
blades returned to operational service. All nine fractures occurred in less than three
thousand cycles of operation since repair, and most occurred in less than seven hundred
cycles. Subsequent investigation of some of these events has conclusively shown that
the blades were not repaired to the dimensions stipulated by Pratt & Whitney in the
JT8D Engine Manual, (Personnel Correspondence, 1997).

Measurement of blades from affected engines and from shelf stock has indicated that
many of the repaired blades had predominantly oversized shroud dimensions. Oversized
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shroud dimensions cause an increase in assembled rotor shroud ring stiffness which
prevents relative motion between blades to dampen vibratory stresses. This condition
can cause high and abnormal stresses in blades and premature fracture at low running
time, (Personnel Correspondence, 1997).

New inspection criteria have been introduced by the engine manufacturer in an attempt
to prevent improperly repaired turbine blades being refitted in operational engines.
These inspections are carried out by licensed engine overhaul shops when the individual
turbine blades reach a specified number of inservice working hours and are removed
from the engine for overhaul or repair. One of the inspections is designed to check for
airfoil bowing and airfoil lean, faults which result in approximately thirty per cent of
parts being considered unacceptable for refitting in an engine.

The industrial partner, SIFCO Ireland, wishes to determine whether airfoil bowing, or
airfoil lean, will raise the stresses in the third stage turbine blade of the JT8D engine by
an order of magnitude sufficient to cause failure of the part.

1.2

Objectives

1.2.1

Research Objectives

To review turbine rotor blade design criteria from a structural and
aerothermodynamic standpoint.
To research the material properties of the Inconel 713C Nickel superalloy over
the temperature range relevant to the operating environment of a turbine blade
in the Pratt & Whittney JT8D gas turbine engine.
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1.2.2 Analysis Objective

•

to carry out a thermal / structural finite element analysis of the turbine rotor
under an engine power setting equivalent to approximately 7500 rpm, and at
the appropriate operating temperature.

1.2.3 Application Objective

to quantify the airfoil stresses developed due to varying degrees of turbine blade
bow,
to quantify the airfoil stresses developed due to varying degrees of turbine blade
lean.

1.3

Aim

The aim of this project is to determine whether airfoil bowing, or airfoil lean, will raise
the stresses in the third stage blade airfoil of the Pratt & Whitney JT8D-17A gas turbine
engine by an order of magnitude which will cause the part to fail at a power setting
equivalent to 7500 RPM.

1.4

Extent of Work

The extent of work carried out in this project is outlined hereafter:

•

Theoretical Review - This project initially documents a comprehensive

literature review of turbine blade airfoil aerodynamic design methods. The review
discusses the design of turbine blade airfoils using two dimensional mean radius and
three dimensional radial stacking techniques. Radial equilibrium theory, together with
the concept of a free vortex turbine stage, is introduced. The literature review details the
main structural loads imposed upon a turbine rotor blade. A brief discussion of turbine
blade thermal loads is also included, together with an overview of compressible flow
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theory. A brief review of several issues related to the finite element method completes
the theoretical review

•

Turbine Blade Passage Flow Property Model - A mathematical model is

developed to calculate flow parameters such as total temperature, total pressure, etc. at
entry to and exit from the third stage turbine rotor blade passage of the P&W JT8D-17A
engine. This model provides boundary condition data to the developed fluid flow
models.

•

Fluid Flow Model - An analytical method for calculating the blade-to-blade

flow field around the airfoil of the JT8D T3 turbine rotor is developed. The resulting
models predict the flow pattern around the turbine rotor airfoil. The developed method
treats the flow as a sequence of radially stacked two-dimensional calculations. Radial
variation of flow properties and angles is included. Developed models yield the velocity
and pressure distribution around the blade profile. Knowledge of these two flow
properties at any given point enables the flow temperature at that point to be
determined. The blade thennal loads are thus determined.

• Structural Blade Model - A three-dimensional finite element model of the third
stage rotor blade of the Pratt & Whitney JT8D-17A gas turbine engine low pressure
turbine spool is developed. The stress distribution in the rotor blade material is
computed for variously leaned and bowed versions of this base model within limits
specified by the industrial partner.

Chapter two
Review of turbine blade design techniques

2.1

Introduction

The jet engine, or more correctly, the gas turbine engine, is an internal combustion
engine, producing power by the controlled burning of fuel. In a gas turbine, air is
compressed, fuel is added and the mixture is ignited. The resulting hot gases expand
rapidly and are harnessed to produce power. The actions of expanding and expelling
the hot exhaust gases create a reaction of equivalent force. In a pure turbojet engine,
the reaction of the gas stream as it is ejected from the engine nozzle is termed thrust.
This thrust is transmitted from the engine to the airframe and in turn propels the
aircraft.

Typically, a turbine is placed aft of the combustion chamber, extracting energy from
the expanding exhaust gas stream to drive the compressor and accessories, and, in the
case of a turbofan engine, the bypass fan. The greatest challenge to face early gas
turbine designers was to develop the gas turbine engine as self sustaining unit, in
which the energy extracted by the turbine from the exhaust stream to drive the
compressor was not sufficient to compromise the overall power output of the engine.
This requirement was primarily achieved through aerothermodynamic improvements
in turbine blade design.

The fundamental theory of axial flow turbine rotor blade design, from an aerodynamic
viewpoint, is set out in Chapter Two. An overview of the operation of the gas turbine
engine is given and the fundamental theory and practice of energy transfer in general
turbomachinery is discussed. The mechanisms for the generation of lift on an arbitrary
airfoil of infinite span, together with the aerodynamic forces exerted by the working
fluid on a rotor, are then described. Two-dimensional, mean radius airfoil design, and
Three-dimensional, radially stacked design techniques are discussed. Threedimensional blade design is then developed in more detail with the introduction of the
concepts of Radial Equilibrium Theory, Free Vortex Flow and
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Degree of Reaction. The application of these three theories to the construction of a set
of flow vector polygons is comprehensively discussed. The polygons describe the
magnitudes and directions of the exhaust gas flow velocities at entry to and exit from
the turbine rotor of interest.

2.2

Components and Working Cycle of the Gas Turbine

A gas turbine is, in essence, a heat engine which uses air as a working fluid to produce
thrust. Figure 2.1 illustrates the working cycle of a gas turbine engine in its simplest
form. Gas turbine plants typically work on a constant pressure cycle, known as the
Joule or Brayton cycle.

Point A in Figure 2.1 represents air at atmospheric pressure which is subsequently
compressed along the line AB. The majority of this compression is achieved in the
compressor. However, a fraction of the pressure rise results from ram compression in
the engine nacelle. During process B to C, heat is added to the air through the burning
of fuel. Due to the continuous action of the turbine engine and the fact that the
combustion chamber is not an enclosed space, the air is burned at constant pressure.
During process C to D, the compressed gases expand through the turbine and jet pipe
to atmospheric pressure.

Combustion
Chambers

Figure 2.1

The Ideal Brayton Cycle, (Cohen et. ai, 1972).
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In the ideal Brayton cycle, the compression and expansion processes occurring in the
compressor and turbine respectively are assumed to be isentropic, (Yahya, 1983). In a
real gas turbine plant, the pressures during the processes B-C and D-A do not remain
constant due to the inherent pressure losses which occur in air and gas circuits.
Therefore, the pressure ratios of the compressor and turbine are decreased and the
plant output and thennal efficiency are reduced.

During the expansion portion of the cycle, some of the energy in the gases is turned
into mechanical power by the turbine; the remainder provides a propulsive jet as it
discharges to atmosphere. The higher the temperature of combustion, the greater the
expansion of the gases, resulting in greater power output from the engine. However,
the combustion temperature is limited by the turbine entry temperature, which must
not exceed the stmctural limitations of the turbine assembly materials.

The gas turbine has three main components: the compressor, combustion chamber and
turbine :

Compressor

Combustion
Chamber

Turbine

Shafts

Figure 2.2

Twin spool, axial flow, gas turbine engine, (Jet Engine, 1987).
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The Compressor

Situated at the front of the engine, the compressor draws air in, pressurises it, then
delivers it into the combustion chamber. Two main types of compressor design exist;
centrifugal and axial flow.

The centrifugal flow compressor consists of an impeller supported in a casing, which
houses a ring of diffuser vanes. The impeller is driven at high speed, by the turbine,
air being drawn through the centre. Centrifugal action forces the air radially outwards
and accelerates it into the diverging diffuser outlet, which further increases the
pressure. The pressurised air then passes into the combustion system.

The axial flow compressor consists of a number of stages of alternate rotating and
stationary airfoil-section blades, which force the incoming air through a convergent
annular duct. The rotating blades are carried on discs or a drum and are driven by a
turbine via a connecting shaft. As the air passes through each stage, it is accelerated
by the rotating blades and forced rearwards through the static blades. These blades,
known as vanes, reduce the velocity and increase the pressure of the air. The pressure
is progressively increased as the air passes through the compressor stages until it
reaches the combustion system. (The Jet Genesis, 1998).

Quite frequently, gas turbines have more than one compressor, as many stages of
compression may be required to achieve a high overall pressure change. Each
compressor stage has an ideal rotational speed for best efficiency. Thus, if all stages
are on the same shaft, only some will run efficiently. To overcome this, the
compressor may be divided into two or three sections, known as spools, each spool
being driven by a separate turbine and rotating at its most efficient speed. This method
enables compression ratios up to 30:1 to be achieved, resulting in extremely high
efficiency and very low specific fuel consumption.
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The Combustion Chamber

The combustion chamber consists of an annular tube, or ring of tubes, made from
heat-resistant steel, in which the fuel and air are mixed and ignited. The combustion
chamber is designed to achieve the most efficient combustion of the mixture so that
the maximum possible heat energy is extracted from the fuel. The temperature rise
and hence the expansion of gases is thus optimised.

The air from the compressor, at pressures up to 450 pounds per square inch (3.1 Pa),
passes into the combustion chamber where it is mixed with the vaporised fuel sprayed
from burners located in the head of the chamber. The mixture is ignited, during the
engine starting cycle, by igniter plugs located in the combustor. Once ignition has
taken place, the igniters are isolated and combustion is continuous. (The Jet Genesis,
1998).

2.2.3

The Turbine

The turbine has the task of providing the power to drive the compressor and
accessories. This is achieved by extracting kinetic energy from the hot gases, which
flow from the combustion system, and expanding these gases to a lower pressure and
temperature. The kinetic energy is converted to shaft horsepower to drive the
compressor and accessories. According to Mattingly, (1996), nearly 75% of all the
energy available from the products of combustion is required to drive the compressor.

The axial turbine consists of one or more stages of alternate stationary and rotating
airfoil-section blades. The rotating blades are carried on a disk or rotor. The stationary
blades are housed in the turbine casing and form a ring which is concentric with the
axis of the turbine. These stationary blades, called nozzle guide, are oriented to form
a series of small nozzles which discharge the gases onto the blades of the turbine
wheel. The discharge of gases onto the turbine rotor blades allows the kinetic energy
of the gases to be transformed to mechanical shaft energy.
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The turbine rotors are connected by a shaft to the compressor rotating assembly. The
number of shafts, and therefore turbines, varies with the type of engine; high
compression ratio engines usually have a high pressure turbine and a low pressure
turbine mounted on separate shafts, driving high and low pressure compressors
respectively. Figure 2.3 illustrates the arrangement of a typical two spool turbine.

Single stage high

Figure 2.3 Typical arrangement of a two spool turbine, (Jet Engine, 1987)
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The Pratt & Whitney JT8D Gas Turbine Engine

The JT8D powers approximately 4400 aircraft - more than half of the global
commercial transport aircraft fleet - including the Boeing 727 and 737, and the
McDonnell Douglas DC-9. Since entering service in 1964, JT8D engines have
accumulated more than three hundred million flight hours, and they continue to fly
more than seventeen million flight hours each year.

The JT8D’s initial rating of 14000 lb. (62 270N) of takeoff thrust has been
progressively upgraded over the years to 17400 lb. (77 395N). This increase in thrust
has permitted significant increases in aircraft payload and range, shorter takeoff
distances, and higher rates of climb to reduce noise in communities surrounding
airfields.

The Pratt & Whitney JT8D-15A is a twin-spool axial-flow gas turbine engine
equipped with a secondary bypass air duct encasing the entire length of the engine.
The specifications for a typical model of the -8D engine are set out in Table 2.1.

120 in. (304.8 cm)

Length
Diameter .<■'
Weight

-

Takeoff Thrust J.'V‘
Power to ^Weight ratioll
"

43.0 in (109.22 cm)
3 300 lb. (1 497 kg)
14 500 lb.f(64 496 N)
4.5 Ib.f/lb. (43.08 N/kg)

Bypass Ratio

1.1 : 1

- Air mass flow, fan .

1591b./s (72.1 kg/s)

Air mass flow, core

163 Ib./s (739. kg/s)

Table 2.1

Specifications for a typical JT8D engine, (The Aircraft Gas
Turbine Engine and Its Operation, 1974).
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The turbine section of the JT8D includes the turbine front casing, the rear casing, an
inner case and seal, four stages of turbine nozzle vanes, the two turbine rotors,
carrying four turbine stages, and the coaxial drive shafts.

The turbine front case consists of a short section of corrosion and heat resistant steel
ducting of convergent section attached to the rear of the combustion chamber outer
case. The first stage turbine rotor is located immediately to the rear of the first stage
turbine vanes, which in turn are mounted at the rear of the turbine front case. The
turbine rear case is attached to the rear flange of the turbine front case. The turbine
section increases in diameter from front to rear and accommodates the second and
subsequent turbine stage vanes. The rear flange of the turbine rear case is bolted to the
turbine exhaust case.

The general arrangement of the turbine and exhaust sections of a typical multistage
turbine is illustrated in Figure 2.4. The turbine nozzle vanes are mounted on the
inside diameters of the turbine front and rear cases. The first stage turbine nozzle
vanes are treated with a thermal barrier coating. In later models of the JT8D engine
these vanes are also air cooled. Cooling air is passed inside the vanes and out through
air-holes in the airfoil trailing edge on the concave side.

The rear, or high pressure, N2 compressor spool is driven by the first stage turbine.
The turbine disc is, in later engines, bolted to the drive shaft by means of a flange.
The turbine blades are attached to the turbine disc by means of fir-tree slots in the rim
of the disc. The front, or low pressure, compressor spool drive-turbine rotor includes
the drive turbine shaft, three complete turbine stages, and the spacers and air seals
between the discs. Twelve tie rods secure the turbine discs and spacers to both each
other and to the rear flange of the rotor shaft. The blades for the second, third and
fourth turbine stages are also secured in fir-tree slots using rivets. The blades in the
three discs number 88, 92 and 74, respectively from the second, T2, through to the
fourth, T4, stage. The turbine blade tips form a complete ring or shroud. The outer rim
of the shroud forms a knife-edge seal mating with the blade shroud seal rings and thus
reducing tip leakage losses. Assembly of the turbine discs for the front-
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compressor drive turbine is possible in only one position due to the offset of the
twelve tie-rod holes in each disc. Thus proper balance of the complete assembly is
achieved. In later engines of the JT8D type, the front-compressor drive-turbine rotor
assembly is designed as a unit or module with the stator assembly. The complete
module includes the turbine case, nozzle vanes and turbine rotors. It is possible to
remove and replaee the entire assembly without disturbing the other components of
the engine.

A cooling air flows; B turbine blades; C combustion chamber; D turbine disks; E
extended blade root; F annulus flare; G blade shroud; H seal segment; I NGV inner
shroud; J bearing; K tip clearance; L labyrinth seal; M nozzle diaphragm; N nozzle
guide vane; O outlet straightners; P power turbine; Q turbine casing; R fir-tree root; S
shaft; T tail cone.

Figure 2.4

A section through a two-stage turbine, (Harman, 1981).
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Energy Transfer in Turboinachines

Dixon, (1978), defines a turbomaehine as

all those deviees in whieh energy is

transferred either to or from a eontinuously flowing fluid by the dynamie aetion of one
or more moving blade rows”. Turbomaehines are further eategorised aeeording to the
nature of the flow path through the passages of the rotor. When the path of the flow is
predominantly parallel to the axis of rotation, the maehine is termed an axial-flow
machine. (Mattingly, 1996).

2.4.1

Impulse Turbine Stages

In an axial flow turbine, power is removed from the high pressure, high temperature
working fluid by direeting the flow from the eombustion ehamber through an annular
spaee to a stationary set of blades, (ealled stators, vanes or nozzles), and then
tangentially against the rotor blade row, (ealled rotor blades or buekets). The foree
exerted by the working fluid upon these rotating eomponents results in ehanges to
both the enthalpy and tangential momentum of the fluid. Turbines, in whieh no statie
pressure ehange oeeurs in the rotor, are known as impulse turbines. In an impulse
turbine, the rotor blades eause energy transfer without any energy transformation. The
energy transformation from pressure energy to kinetie energy takes plaee only in the
fixed stator. An impulse turbine stage is shown in Figure 2.5.

2.4.2

Fixed & Variable Reaction Turbine Stages

The degree of reaetion of a turbine may be defined as the ratio of the ehange in total
enthalpy oeeurring in the rotor to the total ehange aeross the stage, or alternatively as
the ehange in the pressure head oeeurring in the rotor to the total ehange aeross the
stage. A reaction turbine is thus a turbomaehine in whieh a ehange in the statie head,
or an energy transformation, oeeurs in both the stator and rotor passages, (Yahya,
1983).
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In large axial flow machines, the blade lengths are large in comparison to the mean
annulus diameter. According to Horlock, (1966), the hub-tip ratio may be as low as
0.4. In such machines the variation in blade peripheral speeds occurring from hub to
tip results in appreciable changes in the flow parameters along the blade height. Under
these conditions, it is not possible to maintain a constant degree of reaction along the
span of the blade. Thus, for a long turbine blade, the degree of reaction varies from
hub to tip, and the geometry of the blade is twisted in nature. The concept of variable
reaction turbine blading is discussed in greater detail in Section 2.7, which deals with
three-dimensional turbine blade design.

(A)

Nozzle

Rotor

(B) Nozzle

Rotor

Energy Transfer

Energy Transfer

Energy
Transformation

Energy
Transformation

Velocity

Pressure

Figure 2.5

(A), Energy transfer and energy transformation in an impulse turbine

stage

and (B), in a reaction turbine stage, (Yahya, 1983).
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2.4.3

Euler’s Turbomachinery Equation

In deriving Euler’s turbomaehinery equation, Mattingly, (1996), eonsiders the
adiabatie flow of a fluid through a eontrol volume of a generalised turbomaehine;
Figure 2.6. A pareel of fluid in a stream tube enters the eontrol volume at radius T2,
with tangential veloeity Cy2 and exits at radius r3 with tangential veloeity Cy^.

Cys

Figure 2.6

Control Volume for a general turbomaehine, (Mattingly, 1996).

The torque, x, on the rotor (exerted either by the rotor or by the fluid) is equal to the
ehange in angular momentum of the fluid;
T

=

M{r^Cy^ -rjCyj)
Equation 2.1

If the value for the torque given by Equation 2.1 is positive, (r3Cy3 > r2Cy2), the
equation applies to a head producing turbomaehine such as a compressor. If the torque
is negative, (r2Cy2 > r3Cy3), the torque is applied by the fluid on the rotor and the
equation applies to a power producing turbomaehine e.g. a turbine.

The work done by the fluid is measured by the product of the torque, x, and the rotor
angular velocity, co. Bearing in mind that the blade peripheral speed, U, is the product
of the rotor angular velocity and the radius, the specific work output from a turbine
stage, (Dj, is given by;
17
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“\v Y — U Cv 9

U 2 Cy 2
Equation 2.2

Yahya, (1983), sets out this equation in differential form,
dwj = -d{UCy)
Equation 2.3

Equation 2.3 is the differential form of Euler’s Turbine Equation. Euler’s Equation
characterises the energy transfer within a turbine stage :

“ If a turbomachine acts as a power producing machine, then its flow passages
must be designed in such a manner as to obtain a decrease in the quantity UCy
between entry and exit “, (Yahya, 1983).

2.4.4

Components of Energy Transfer

The velocity vector diagram of Figure 2.7 is used in conjunction with Equation 2.2 to
describe the energy transfer process in a turbine blade passage.

Whirl
Axial

Cy2

U,

Cys

C ... Absolute flow velocity
W ... Relative flow velocity
U ... Blade peripheral speed

Figure 2.7

Velocity triangles for a typical turbine stage, (r3 = r2).
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From the velocity triangle at rotor entry;

Cx^ = Cl -Cyl^

=

Wl

{U^ -Cy^f

-

On rearrangement this yields;

U,Cy^ = '/(Cl+C/l-Wl)
Similarly at rotor exit;
C/,Cy, = yl(Cl+C/l-lVl)

Rearrangement and substitution into Equation 2.2 of these two expressions yields an
expression for the specific work output, cOj;

^■r = )4(Cl-Cl) + ){(Ul-Ul)+/2(

)

In differential fomi;

dwj. = -d(UCy) = -rf( CC) - </( Cc/T -

K

)
Equation 2.4

Yahya, (1983), states that the total decrease in the quantity UCy through a typical
turbine stage is made up of three components :

•

The quantity ©(C ^- Cj^), or its differential value -d(©C^), is the change in the
2

kinetic energy of the fluid through the turbine in the absolute frame of co
ordinates, resulting in a change in the total pressure of the flow through the
turbine.
•

The quantity @(

U ^) is the change in the centrifugal energy of the fluid in
3

the machine, arising from the change in the radius of rotation of the fluid and
causing the static pressure of the fluid to change with radius along the rotor.
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The quantity ©(W ^- W ^) describes the change in the kinetic energy of the fluid
3

2

through the turbine in the relative frame of co-ordinates, also resulting in a
change in the total pressure of the flow through the turbine

2.5

Turbomachinery Blade Design

Glauert, (1959), defines an airfoil blade as a streamlined body having a thick, rounded
leading edge and a thin trailing edge. When such an airfoil blade is properly oriented
in a flow, a force acts upon the blade normal to the direction of relative motion of the
free stream. This force is referred to as the lift force. On an aircraft wing, this lift force
supports the aircraft in flight. In a turbomachinery application, however, the lift force
exerted by the working fluid on the rotor blades produces the useful output torque
from the machine.

2.5.1

Lift Development of an Airfoil

If a flat plate is moved through a fluid, it experiences a resistance to its motion due to
fluid friction at the plate surface. When the flow direction is parallel to the plate
length the flow pattern will consist simply of a series of equidistant streamlines and
the force normal to the plate will be zero. However, if the plate is inclined at a small
angle to the direction of motion, the plate will experience a resultant force, F, normal
to its length. This force can be divided into two individual components - the lift force,
L, and a drag force, D. These forces are illustrated in Fig. 2.8.

In order to achieve a high lift force in practical applications such as aircraft wings and
turbomachinery blading, the profile of the flat plate must be suitably adapted. The
sharp leading edge must be rounded and the profile tapered gradually toward the rear
to prevent separation of the boundary layer. To reduce the tendency towards
separation even at moderately high degrees of inclination, (or angles of attack), the
profile must also given a slight degree of camber.

20

Chapter Two

Review of Turbine Blade Design Techniques

D

Flat
Plate
Free
Stream

Figure 2.8

Lift force on an inclined flat plate.

According to Douglas et. al.,(1985), and Vennard, (1954), a slightly inclined airfoil
will split an impinging fluid stream into two streams; one traversing the upper surface
and one traversing the lower surface. The requirement for common boundary
conditions at the trailing edge requires the flows on the two sides to equalise. At a
small angle of incidence the fluid flowing over the lower surface of the airfoil will
deeelerate, whilst the fluid flowing over the top surface will aceelerate relative to the
free stream. Such a velocity distribution must, in accordance with Bernoulli’s
equation, be accompanied by higher pressures on the bottom surface and lower
pressures on the top surface. This pressure distribution gives rise to a resultant upward
force on the airfoil, namely lift. Figure 2.9 illustrates the static pressure distribution
around such a cambered airfoil blade.

Suction Side

Aerofoil

Pressure

Figure 2.9

Static pressure distribution around a typical cambered airfoil blade

Cork Institute of Techu o T- l y^ ^
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Common Airfoil Nomenclature

This section briefly discusses the terminology commonly used in this thesis when
reference is made to turbine blade design.
Leading Edge

the front or upstream edge, facing the direction of flow;

Trailing edge

the rear, or downstream edge;

Chord line

a straight line joining the centres of curvature of the leading
and trailing edges;

Chord

the length of chord line between leading and trailing edges;

Camber line

the centreline of the airfoil i.e. the shape which an airfoil
of infinitesimal thickness would take;

Camber

the maximum distance between the camber line and the chord
line;

Figure 2.10 (a) shows the camber line of a blade in which the chord line coincides
with the axial direction. The tangents drawn to the camber line at leading and trailing
edges form the camber angles X and X . The camber angle, 0, for a given blade is the
2

3

sum of the camber angles at entry and exit.

The blades in a turbine are invariably set such that the chord line is tilted towards the
blade curvature, as shown in Figure 2.10 (b). This angle is the stagger angle, y. The
sum of the stagger angle and the camber angle give the blade angle, P
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^1

the leading

edge and at the trailing edge, P .
3

Figure 2.10 (c) depicts the orientation of the flow angles at entry to and exit from the
blade. These angles,

aj

and a , are referred to as the gas or air angles and are
3

invariably different to the blade angles. This is illustrated in more detail in Sections
2.6 and 2.7 where two- and three-dimensional design of turbine blades is discussed in
detail.
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The difference between the air angle and the blade angle at the leading edge of the
blade is referred to as the incidence angle or angle of attack, i. The incidence angle
can be positive or negative.

(a) Camber Angles
Figure 2.10

2.5.3

(b) Blade Angles

(c) Air Angles

Definition of camber, blade and air angles.

The Importance of Blade Incidence Angles

The foregoing discussion points to the strong dependence of lift upon the incidence
angle of the airfoil. If the angle of incidence is reduced to a negative value, a drag
force alone results and no lift is generated. At small incidence angles, separation of
the boundary layer does not occur. As the angle of incidence is increased, separation
occurs at the top surface near the trailing edge. Any further increases in the incidence
angle of the airfoil causes the separation point to move forward along the suction face
and form a gradually widening plume shaped wake. The limiting condition is called
the stall. This constitutes a critical angle of attack above which the lift generated by
the airfoil drops rapidly; (Douglas et. ai, 1985). Figure 2.11 illustrates the effect of
increasing the angle of incidence of an arbitrary airfoil on the flow past that airfoil.
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B

Increasing
Angle
t
of
Incidence

Free Stream

Figure 2.11

(A) Plot of profile loss coefficient versus incidence angle, (Logan, 1981)
and (B), flow separation of an airfoil due to increasing incidence angle,
(Douglas et. al, 1985).

Unlike an aircraft wing, the incidence angle of a turbine blade is fixed to match the
turbine design point flow conditions at manufacture .
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Turbine Blade Aerodynamic Forces

By definition, the drag force exerted by a flow on a body is parallel to the direction of
the mean velocity of the flow and the lift force is nonnal to it, as shown in Figure 2.8.
The resultant of the lift and drag forces, F, can be further resolved into components F,^
and Fy acting in the axial and tangential directions respectively.

The tangential force on the blade results from the change of momentum in the
tangential direction. The axial thrust on the blade is due to both the static pressure
drop and the change of fluid momentum in the axial direction.

The aim of the turbine designer is to obtain the maximum value of the tangential force
on the cascade while minimising the axial thrust and associated pressure loss.

2.6

Two-Dimensional Design of Turbine Blade Profiles

A gas turbine is, in essence, a heat engine which uses air as a working fluid to produce
thrust. This thrust is produced through the careful manipulation of the pressure and
velocity of a flow of gas (hot air in the gas turbine) as it passes through the machine.
In an axial flow turbine, the gas flow has components of velocity both parallel to the
axis of rotation of the machine and in the tangential or circumferential direction. The
flow has little radial velocity.

Figure 2.7 depicts the idealised, design point, velocity vector polygons for a turbine
stage. In the idealised situation the, flow is assumed to enter and leave tangential to
the blade profile at each radial section. Fox and McDonald, (1994), refer to this
idealised condition as shockless entry flow.

The turbine stage consists of two rows of blades - one stationary and one rotating. In
the stator or nozzle row, the tangential velocity of the fluid is increased in the
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direction of rotation. The fluid is accelerated at the expense of a pressure drop through
the row. Conversely, the tangential velocity in the direction of rotation is reduced
across the rotor row, tangential forces are exerted by the fluid on the rotor blades and
a resulting torque produced on the output shaft. The absolute kinetic energy of the
fluid is reduced across the rotor.

In many axial turbines, the hub and tip diameters vary little through the machine, and
the hub-tip ratio approaches unity. Large radial components of velocity between the
annular duct walls in such machines cannot exist. There is little static pressure
variation from blade root to tip and the flow conditions are very similar at each radius.
For these machines, of high hub-tip ratio, a two-dimensional analysis is sufficiently
accurate. The idealised flow velocity triangles are drawn for the mean radius
condition, but these triangles are assumed to be valid for the other radial sections.

2.7

Three-Dimensional Design of Turbine Blade Profiles

For turbines in which the blade length is of the order of the mean radius, a twodimensional design analysis is frequently adequate. The designer may, however, be
forced by considerations of limiting blade speed and large mass flow requirements
towards turbines in which the hub-tip ratio may be as low as 0.4. (The T3 blade fomi
the P&W JT8D has a hub-tip ratio of 0.57). In such cases, there will be a large
variation of blade speed along the span. In this case, the designer cannot base the
design on one mean radius and ignore the variation in flow with radius.

The classical method of design in such cases is the radial equilibrium or free vortex
design method. The term free vortex originates form the early days of gas turbine
technology, when it was speculated that the flow of hot gases from a ring of turbine
nozzle blades has the characteristics of a vortex or whirlpool. The behaviour of a free
vortex is a common phenomenon. When water flows out of a bath, the water spirals
more rapidly as it spirals towards the centre. This increase in velocity is accompanied
by a decrease in pressure. In a perfect free vortex of this kind, the product of the whirl
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and radial distance from the centre of the vortex remains constant, an

important characteristic of a free vortex. The radial pressure rise from inside to outside
is caused by centrifugal forces in the whirling fluid.
To summarise, free vortex design involves two assumptions :

•

The flow is in radial equilibrium preceding and following all blade rows.

•

The tangential (or whirl) velocity distribution is a free vortex, in which the
product of tangential or whirl velocity and radius is constant, rCy = constant.

The free vortex condition provides a convenient condition for designing the blade
rows of axial flow turbomachines. This condition, together with the radial equilibrium
condition at the entry and exit of a blade row, may be successfully utilised to
determine the parameters along the radial direction.

The free vortex design has historically produced entirely satisfactory turbine designs.
For example, the Power Jets W.l engine, conceived and designed by Sir Frank
Whittle in 1940, was the first British turbojet engine ever built, and also the very first
turbine to incorporate design for radial equilibrium.

2.7.1

Radial Equilibrium Theory

According to Horlock, (1966), axial turbomachines are frequently designed on the
basis of the assumption of radial equilibrium of the through flow. For a given value of
the radial pressure gradient, a condition of the flow is assumed in which the radial
component of the velocity is negligible i.e. there is no flow occurring in the radial
direction. The streamlines in such a flow do not experience any radial shift and
therefore lie on coaxial cylindrical surfaces.
The derivation of the equations of motion for three-dimensional flow in cylindrical
co-ordinates are detailed in both Yahya, (1983), and Fox and McDonald, (1994).
Euler’s momentum equation for axisymmetric flow in the radial direction is
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^ ^ ^ _ 1/ ^
3c

r

/ P dr
Equation 2.4

where Cr, Cx and Cy respectively are the radial, axial and whirl components of the
absolute flow velocity, p is the flow density, and p, the static pressure in the flow. For
a flow which is in radial equilibrium,

= 0 and so Equation 2.4 simplifies to the

form.
1 dp

4

p dr
Equation 2.5

As long as Q equals zero. Equation 2.5 remains valid for compressible flow which
may also be in'eversible. Equation 2.5 describes the radial pressure gradient in a flow
for radial equilibrium conditions. Yahya, (1983), suggests that the radial gradient of
other quantities can be determined from the stagnation enthalpy of the flow. The
stagnation enthalpy is defined as

K

K

=

)

Equation 2.6

The differential form of this expression, adapted for radial equilibrium is;

dh
^
dr

dh

—^

dc

dc^

dr

dr

dr

= — + c

Equation 2.7

The Gibb’s relation, which is derived from the second law of thermodynamics, relates
the enthalpy and entropy gradients to the pressure gradient within a flow. In
differential form,
^ds

dh

1 dp

dr

dr

p dr
Equation 2.8
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where T is the flow static temperature and s and h are, respectively, the flow entropy
and flow enthalpy. Substituting from equations 2.6 and 2.7 into the right hand side of
Equation 2.8, and rearranging yields;

c/c,,

dc^

Cy

—^ + —
^

dr

^ dr

r

dh^

Tds

dr

dr
Equation 2.9

According to Cohen et. al., (1972), Equation 2.9 represents the radial equilibrium
equation for axisymmetric steady flow in turbomachines. For design purposes, it is
usually assumed that the stagnation (total) enthalpy and stagnation entropy do not
vary in the radial direction in a rotor blade passage. Implementing this assumption, the
simplified radial equilibrium equation is obtained :

^ ( 2^
dr^ ' ^

----- Wv

\ d (
\2
rc., = 0
r^ dr^ ^ '

+ -r—

Equation 2.10

Equation 2.10, together with the equations developed in Section 2.5, are used in
Chapter Four of this report for the detailed determination of flow properties through
the blade passages of the Pratt & Whitney JT8D third stage turbine.

2.7.2

Free Vortex Turbine Stage

As stated previously, the tenn free vortex originates form the early days of gas turbine
technology, when it was speculated that the flow of hot gases from a ring of turbine
nozzle blades has the characteristics of a vortex. In order to effectively explain the
concept of free vortex flow, it is first necessary to introduce the concept of vorticity,
as applied to fluid flow.
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The rotation, w ,of a fluid particle is generally defined as the average angular velocity
of any two mutually perpendicular line elements of the fluid particle in each
orthogonal plane. A particle moving in a general three-dimensional flow field may
—^

rotate about all three co-ordinate axes. The vorticity, f, is a measure of the rotation
of a fluid element as it moves in such a flow field.

Yahya, (1983), defines the axial component of vorticity for axisymmetric flow in a
cylindrical co-ordinate system;
r ^

Equation 2.11

If the axial component of vorticity is zero, the resulting flow is a “free vortex” flow.
By definition, in such a flow, the rotational motion of the fluid, which is not acted
upon by a force, is characterised by a constant product of the flow radius (or blade
peripheral speed) and whirl component of velocity;

rCy = constant
Equation 2.12
Equation 2.12 is a convenient condition for designing blade rows of axial
turbomachines. Along with the radial equilibrium condition at entry to and exit from a
blade row, the condition yields the flow parameters along the radial direction.

2.7.3

Determination of Rotor Flow Angles

Application of Equation 2.12 at rotor entry and exit yields the following relationships
at hub, tip, and mean radii;

hCyn,

=

>',Cy2,

=

r„,Cy2„,

= Q

hCVlk = '-,C>’3, = '■mO'sm = C3

Equation 2.13
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Substituting Equation 2.12 into the simplified radial equilibrium equation, Equation
2.10, yields another useful result;

dr
Equation 2.14

From this relationship it follows that the axial velocity, Cx, is constant along the blade
height. Therefore,
Cx^i, = Gtj, = CX2,„ = CX2
Cxy, = Cxj, =

= Cx,
Equation 2.15

According to Yayha, (1983), it is often assumed, during turbine stage design, that the
axial component of the absolute velocity vector remains constant across the rotor : Cx2
= CX3 = Cx.

Absolute and relative air angles may now be determined at both entry to and exit from
the turbine rotor. Combined with a knowledge of the turbine annulus geometry and
the massflow through the turbine, it is then possible to construct a set of velocity
triangles. These velocity triangles describe the magnitudes and directions of both the
absolute and relative flow vectors for a specific shaft (and thus blade) speed. Figure
2.12 illustrates such a set of polygons. Table 2.2 is a compilation of the relationships
which provide a complete solution of the flow.
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Pol

Po2

Figure 2.12 Velocity triangles for a turbine stage

Table 2.2

Relationships yielding complete flow solution.
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Degree of Reaction

Horlock, (1996), defines the degree of reaction for any radial section of a turbine rotor
as the ratio of the static enthalpy drop across the rotor to the stagnation enthalpy drop
across the entire stage. At that radius :
hn -h-:

R=

^2

'^2

ho2 - ho^
Equation 2.16

For adiabatic flow, the change in the specific stagnation enthalpy (ho, - hoj) across the
stage is equal to the specific work output Thus, from Equation 2.2 the specific work
output, ),, from the turbine stage is;
0

w j = /? »| - ho^ = hoj - ho2
6

But,
hoj -hOj = U(0'2 -O’j)
Therefore,
ho2 - ho3 = U(Cx2 tanQ:2 + CX3 tanor3)

Equation 2.17

Cohen et. ah, (1972), state that the fluid flow does no work on the rotor blades, in the
relative frame of reference. Thus, from the steady flow energy equation, the stagnation
enthalpy relative to the moving rotor blade remains unchanged if;

Thus,
lu‘2

-

A

t =
"3“/2

(CWo
'^3

-

"^2

Substituting for W and W from the velocity diagram of Figure 2.8 and utilising the
2

3

fact that tana + tana = tanp + tanp , yields;
2

3

2

3

33

Chapter Two

Review of Turbine Blade Design Techniques

~

~

/i

P2 )(tan

~

«3

+ tan ^ ^ )
1 2

Equation 2.18

An important expression for the degree of reaction at any radial blade section of a
turbine rotor, for constant axial velocity, may be obtained by substituting Equations
2.18 and 2.17 into Equation 2.16 ;
« = ^(tan/?3-tan/?2)

Equation 2.19

Equation 2.19 indicates that as the air angles, (both a and p), vary along the radial
direction, then the degree of reaction cannot remain constant. Substituting into
Equation 2.19 from Table 2.1, for tanpj and tanp gives an expression for the degree
2

of reaction, R, at any arbitrary radius r;

-1+

C3 - C 2

IrU

Horlock, (1966), suggests that a slight positive degree of reaction should be
maintained at the blade hub. This ensures that the tip reaction is kept low and thus tip
leakage is minimised. For R = R,„ and r = r,„

«;,=!

+

c,3 -c
2ruU
h'^ h

Eliminating the constant tenn, C -C between these equations and substituting cor,, for
3

2

the blade peripheral speed, U,,, yields a most useful relationship for the degree of
reaction, R, at any arbitrary radius;
R^=\-{\-R^)

Equation 2.20
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Equation 2.20 is used in the calculations detailed in Chapter Four to determine the
degree of reaction at discrete sections along the span of the JT8D T3 blade.

2.8

Conclusion

In Chapter Two, the fundamental theories of turbine rotor aerodynamic design have
been developed. The equations described enable the flow vector polygons, at both
turbine rotor entry and exit, to be accurately detemiined for any exhaust gas massflow
rate and associated stage shaft speed. The developed equations are subsequently used
in Chapter Four to calculate the flow properties, (total temperature, total pressure
etc.), of the exhaust gases, at entry to and exit from two-dimensional passages, formed
at discrete radial positions by two adjacent turbine rotor blades.
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3.1

Introduction

The operation of a gas turbine engine is governed by the laws of mechanics and of
thermodynamics. The field of mechanics includes the mechanics of both fluids and
solids. This chapter commences by discussing in detail the main structural loads
imposed upon a turbine rotor blade. These include tensile loads due to inertial effects,
and bending loads which result both from the production of thrust and geometric
imperfections such as blade bowing and lean. A brief discussion of the thermal loads
resulting from the high temperature of the exhaust gases impinging upon the metallic
surface of the blade is then undertaken.

This Chapter introduces the definitions, concepts and equations necessary to describe
the flow of a compressible fluid in a convergent duct, in this case a turbine blade
passage. Using the flow polygons developed in Chapter Two, together with a
knowledge of gas temperatures and pressures in the JT8D turbine spool, it is possible
to use the theory of compressible flows, developed hereafter, to determine the
stagnation flow properties of the exhaust gases at entry to and exit from discrete radial
sections located along the length of the JT8D T3 rotor blade. This flow property data
is used as boundary condition inputs in the finite element analyses of subsequent
chapters to determine the thennal loads on the metallic surface of the T3 rotor.
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Structural Loads on Turbine Rotor Blading

The mass flow of a gas turbine engine, which is limited by the maximum permissible
Mach number entering the compressor, is generally large enough to require an axial
turbine. The axial turbine is the reverse of the axial compressor except for one
essential difference - the turbine flow operates under a very much more favourable
pressure gradient. This permits greater changes in gas flow angles, and greater
pressure and energy changes to occur across each engine stage. For this reason the
aerothermodynamic analysis cannot be divorced from the consideration of the
mechanical strength of the rotating parts - the blades and disks - during the design of
axial flow turbines. Thus the high blade stresses encountered in turbines due to the
high work output per stage and high stage temperature ratios tend to dictate the blade
shape. The following is a brief, theoretical discussion of some of the relevant
mechanical loads, which may be experienced by a typical axial flow turbine blade
during nonnal operation.

There are three main sources of mechanically induced blade stress. These include;

•

centrifugal tensile stresses due to inertial effects,

•

gas bending stresses analogous to the lift experienced by an aircraft wing.

•

a centrifugal bending stress which occurs when the centroids of the blade crosssections at different radii do not lie on a radial line. According to (Cohen et.

al., 1972) any torsional stress arising from this source is of small enough
magnitude and may be neglected.

The three stresses listed above can also include buffeting or vibratory stresses
occurring when the airfoils pass through the wakes of upstream nozzle vane rows.
These vibratory stresses can be devastating in magnitude, when the blade passing
frequency coincides with one of the lower natural frequencies of the airfoil, thereby
causing resonance to occur.
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Tensile Centrifugal Stress

The centrifugal stress in a turbine rotor airfoil is most easily evaluated by first
considering the force acting upon a section of thickness dr, located at an arbitrary
radius, r, as illustrated in Figure 3.1. The material at this section must carry the
centrifugal loads imposed by the material located radially beyond it. Thus, the hub of
the airfoil will experience the greatest centrifugal loading. The total centrifugal force,
F^, acting upon the hub area, A,„ is given by Mattingly, (1996), as;

K=

\p^^A,^rdr

Equation 3.1
where r,, and r, are the hub and tip radii respectively, p is the turbine blade material
density, (o is the blade angular velocity and

is an arbitrary rotor airfoil cross-

section.

Figure 3.1

A turbine rotor subject to centrifugal stresses, (Mattingly, 1996).

38

Chapter Three

Structural and Thermal Turbomachinery Loads

The principal tensile stress,

for a straight blade is ;

•tA,
= pm^\ rdr

(T ^ =

Equation 3.2

According to Emmert, (1950), turbine rotor airfoils usually taper with increasing
radius. This taper has the effect of reducing the principal tensile stress, a^. If this taper
is linear, an expression for \ / A,, can be written as;

1-A
Au

r-n

A
Equation 3.3

Substituting into Equation 3.2 and integrating yields Equation 3.4 for the principal
tensile stress in a linearly tapered turbine blade;

CT^ =

f
pco^ A
2-2/ \-Ai 1 +
Ak
V AfJ V 1+

2

Equation 3.4

This equation illustrates one particularly surprising result : when the rotational speed
is specified, the principal tensile stress places a limit upon the annulus area, but does
not affect the choice of blade chord. This is one reason for the move towards short,
wide chord bypass fan blades such as those used in the Rolls Royce RB-211. Such
blades do not need mid-span slirouds or “snubbers” commonly used to prevent blade
vibration. Furthemiore, in a multi-stage turbine the maximum value of the tensile
stress will arise at the root of the last stage, where the fluid density is least and the
annulus area is greatest, (Cohen et. al, 1972).
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Bending Stresses

The useful output torque in a gas turbine engine is produced by the change of force,
arising from the change in angular momentum of the hot exhaust gases in the
tangential direction. This force also produces a gas bending moment about the axial
direction. This force may be denoted by M^. and is illustrated in Figure 3.2.

The exhaust gases will also experience a change in momentum in the axial direction
(i.e. when the axial velocity component of the gas preceding the rotor blade, Cx , does
2

not equal that following the blades, CX ), so that there will also be a pressure force,
3

and hence a bending moment, M^, about the tangential direction. If the specific work
output, cOp, is the same at all radial sections, the fluid density is considered constant
and

is taken as the blade speed at mean radius, then the bending moments about

the tangential and axial directions can respectively be evaluated as;

M Iwj tan /3^
2wU.„
Equation 3.5

and

Ma

Mleoj tan/?,
2wU..,
Equation 3.6

where M is the mass flowrate, / the blade chord, co the rotor speed in revolutions per
second, and

is the (relative) rotor blade inlet angle at mean radius.

These bending stresses can be resolved into components acting about the principle
axes of the blade cross-section, such that the gas bending stress can be evaluated as ;
Qgb = x/Iyy(M,cos(l) - M^sinij)) + y/Iyy(M^cos(j) + M,sin(j))
Equation 3.7
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Tangential

Figure 3.2

I^ending moments acting on turbine rotor blading.

The gas bending stresses will be tensile in the leading and trailing edges and
compressive in the back of the blade.

The total stress, due to both inertial and bending loads acting upon a rotor blade may
be reduced by partially displacing the centres of gravity of the various blade sections
away from the radial line. This curvature of the airfoil will introduce a centrifugal
bending stress in the blade material which, in theory, will oppose the gas bending
stress. However, these two stresses are self-cancelling only at design operating speed.

In practice, it is found that the centrifugal bending stress is very sensitive to
manufacturing errors in the airfoil portion of the rotor blade and in the blade root
fixing. The gas bending stress is often not regarded as being offset by any centrifugal
bending stress. Usually the centrifugal bending stress is calculated using the extreme
values of manufacturing tolerances to verify that its magnitude is small and that, at
least, it does not reinforce the gas bending stress.
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The standard overhaul of low pressure turbine blades, undertaken by SIFCO Ireland,
at their Cork plants, involves the repair and refurbishment of the root and shroud
fixtures. The airfoil portion of the blade is also cleaned, but the aerodynamic profile of
such blades is not repaired. Any blades which have serious defects in the airfoil
section are scrapped. One such defect manifests itself as a curvature of the airfoil
portion of a blade and is referred to as blade bowing or lean.

A blade will bow or lean towards the suction face as a result of creep during engine
operation. Third stage turbine blades from the JT8D low pressure turbine have been
observed with as much as two millimetres of deflection measured at mid-span. In a
geometrically correct T3 blade, the tensile centrifugal load due to engine rotation will
act in a near radial line. In a blade which has bowed, the centroids of the blade crosssections at different radii are displaced tangentially away from their design positions.

This displacement introduces the centrifugal bending stresses described previously.
The introduction of these stresses, may result in part failure. Blade lean, where the
shroud displaces relative to the blade root has a similar effect on blade loading. These
phenomena are to be comprehensively investigated in this project.
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Thermal Loads on Turbine Rotor Blading

The maximum temperature,

in a gas turbine plant occurs at entry to the first

turbine stage. The incentive to use high turbine temperatures in a gas turbine engine
arises from the increase in efficiency and specific work output. The variation in
overall plant efficiency with increasing values of maximum cycle temperature and
pressure ratio in a gas turbine has been dealt with in the literature by many authors.
Figure 3.3, (Yahya, 1983), clearly illustrates the advantage of increasing turbine inlet
temperature in a closed gas turbine powerplant. A similar illustration appears in both
Eastop and McConkey, (1986), and Hodge, (1955), where thermal efficiency and
specific power output variation with compressor temperature rise are set out.

Figure 3.3

Effect of pressure ratio and maximum turbine inlet temperature on,(A) the
efficiency, and (B), the power output of a gas turbine plant, (Yahya, 1983).
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For aircraft applications, the effect of flight speed on powerplant efficiency must also
be considered. According to Ainley, (1956), the optimum maximum cycle temperature
corresponding to maximum possible cycle efficiency for a turbojet engine increases
with pressure ratio. Ainley quantifies the pressure ratio in terms of the associated
compressor temperature rise, AT^. For a flight Mach number of 0.75, a value of

of

over 800 K is required for AT^ of 250 °C. Approximately 1000 K is required for AT^
of 500 °C. Thus, at subsonic speeds, a strong incentive exists to raise both the turbine
inlet temperature and the cycle pressure ratio.

At higher flight speeds, there is less return from increasing the cycle pressure ratio
since a large pressure rise is achieved due to ram compression in the engine intake.
However, the optimum turbine temperature corresponding to maximum possible cycle
efficiency is higher for a given compressor temperature rise at these higher flight
speeds. For example, at a flight Mach number of 2.5, the optimum turbine entry
temperature is 1200K for a compressor temperature rise of 250°C, (Horlock, 1966).

Pearson, (1961), shows, that for high bypass turbofan engines, the specific fuel
consumption drops rapidly (and hence engine efficiency increases) with increasing
turbine temperature.

The successful development of the gas turbine engine as an aircraft powerplant is a
direct consequence of the revolution in turbine blade metallurgy providing rotor blade
materials capable of sustained operation at elevated temperatures.
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Compressible Flow

The term “compressible”, when applied to a flowing fluid suggests that appreciable
changes in density occur throughout the flow field. Compressibility effects become
significant at high flow speeds, or when large temperature changes occur. Variations
in the flow velocity result in corresponding pressure changes. For gas flows, these
changes are accompanied by large variations in both the density and the temperature
of the flow, (Fox and McDonald, 1994). This characteristic of a compressible flow
requires that equations specific to compressible flows be developed to enable the state
of any particle of fluid at any point in the flow to be determined.

For a simple compressible system, the state of a parcel of fluid can be fixed by any
two intensive thermodynamic properties, such as pressure and temperature. To fully
describe the condition and thus fix the state of this same parcel of gas when it is set in
motion requires the specification of a further property to fix the speed of the gas,
(Mattingly, 1996). However, it is not always convenient to describe one-dimensional
flow by directly specifying the velocity of the flow. Subsequent sections of this
chapter will describe the Mach number, total (or stagnation) temperature, and total (or
stagnation) pressure. These are properties of compressible gas flows which depend
upon the gas velocity, but which may be used in place of the velocity to accurately fix
the thermodynamic state of the gas.

3.4.1

One- and Two-Dimensional Flows

A flow is classified as being one-, or two-dimensional depending upon the number of
space co-ordinates required to specify the velocity field, (Fox & McDonald, 1994).
Although most flow fields are inherently three-dimensional, analysis based upon
fewer dimensions is frequently meaningful. Consider, for example, the case of a long
straight pipe of constant cross-section. Figure 3.4 indicates that the velocity field is a
function of radius, r, only, being independent of both the axial and circumferential co
ordinates, X and 0.
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One-Dimensional Fluid Flow, (Fox & McDonald, 1994).

An example of a two-dimensional flow is illustrated in Figure 3.5 where the velocity
distribution is depicted for a flow between the walls of a passage resembling those of
an arbitrary turbine rotor. Flere the velocity field is assnmicd to be a function only of
the space co-ordinates x and y.

Figure 3.5

Two-Dimensional Fluid Flow in a Turbine Rotor Passage,
(Mattingly, 1996).
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Steady - Uniform Flow

Conditions in a body of fluid can vary from point to point and, at any given point, can
vary from one moment of time to the next. Flow is described as uniform if the velocity
at a given instant is the same in magnitude and direction at every point in the fluid. A
steady flow is one in which the pressure, velocity and cross-section of the stream may
vary from point to point within the flow but do not change with time.

For purposes of analysis it is often both convenient, and sufficiently accurate, to
introduce the notion of uniform flow at a given cross-section. In a flow that is uniform
at a cross-section, the velocity is constant across any section normal to the flow.
Utilising this assumption, the two-dimensional flow of Figure 3.5 can be modelled as
the flow shown in Figure 3.6. In the flow of Figure 3.6, the veloeity is a function of
the

X-

co-ordinate alone, and thus the flow model is one-dimensional. According to

Fox and McDonald, (1994), other properties such as density, or pressure, may also be
assumed uniform at a cross section.

Figure 3.6

One-Dimensional Fluid Flow in a Turbine Rotor Passage
incoi*porating uniform flow at a section, (Mattingly, 1996).
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Local Isentropic Stagnation Properties

Local isentropic stagnation properties describe a convenient reference state, which can
be used to fix the state of a fluid in a compressible flow. By definition, local isentropic
stagnation properties are the properties, which would be obtained at a given point in a
flow, if the fluid at that point were decelerated from local conditions to zero velocity
following a frictionless, adiabatic process. At the beginning of this process, conditions
correspond to the actual flow at the point ( velocity, c, pressure, p, temperature, T,
etc.). At the end of the process, the speed is zero and conditions are the corresponding
stagnation properties (stagnation pressure, p^, stagnation temperature, T^, etc.).

3.5.1

Stagnation Temperature

The steady flow energy equation describes the rate of change of energy in a flow
system;
^7 ~

C

^

+ A")/

2g

2g
Equation 3.8

where q and w are the rates at which heat and work are interacting in the system. The
teiTns in brackets describe the changes in internal energy of the flow through the
system, h being the flow enthalpy, C, the flow velocity and g the acceleration due to
gravity. For a calorifically perfect gas, this equation becomes ;

2gCp

IgCp
Equation 3.9

According to Eastop and McConkey, (1986), the terms h + CV(2g) and T + CV(2gCp)
in Equations 3.8 and 3.9 are the stagnation or total enthalpy, h^,, and the stagnation or
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total temperature, To respectively. The temperatune, T, is sometimes referred to as the
static temperature. When the velocity equals zeno, the static and total temperatures
both equal zero.

Mattingly, (1996), uses the leading edge of am airfoil section to illustrate the
difference between the total and static temperatiures in a compressible fluid flow.
Consider the flow about a section such as that iillustrated in Figure 3.7. A control
volume, a, is constructed between a station far upstream from the airfoil and a station
adjacent to the surface of the leading edge stagnation point, where the velocity of the
fluid stream is reduced to an extremely small value;.

Figure 3.7

Control volume, a, in neighbourhood of airfoil leading edge, (Mattingly,
1996).

By applying the steady flow energy equation to thie flow through the control volume,
a, the temperature of the air, Tjf^g, at the stagnation point of the airfoil is found;

T^taa ~

sug

'^ca

,a

C

--------------- -— ~

Equation 3.10
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where subscript a refers to free stream conditions. Thus, the temperature at the leading
edge of the airfoil is the total temperature, To^. At high flow velocities, the free stream
total temperature, To^, differs significantly from the free stream ambient temperature,
T3. This is illustrated in Figure 3.8 where (To-T)3is plotted against C^.

Figure 3.8

Total temperature minus ambient temperature versus airfoil speed
at 25,000ft., for constant gCp, (Mattingly, 1996).

Figure 3.8 demonstrates the relationship between the total temperature and the
ambient free stream flow temperature for increasing velocity over an airfoil at a
pressure altitude equivalent to 25,00ft. These high temperature differentials are
produced as the kinetic energy of the air impinging on the surfaces of the airfoil is
reduced and the enthalpy (and hence temperature) of the air is increased. The trend
illustrated in Figure 3.8 correlates with the steady flow energy equation, which for q =
w^ = 0 reduces to;

Equation 3.11
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Thus a decrease in the kinetic energy of a fluid flow produces a corresponding rise in
the fluid temperature and a consequent heat interaction between the fluid and any
solid surfaces in contact with the fluid. The solid surfaces might be aircraft wings,
aircraft body panels, turbomachinery rotor blade passages or convergent-divergent
nozzles etc.

3.5.2

Stagnation Pressure

The concept of stagnation pressure is best described by making reference to Figure 3.9
in which a flowing gas at station 1 is brought to rest adiabatically by means of a duct
diverging to an extremely large area at station y. At station y, the flow velocity is zero.
During the adiabatic slowing of a flowing fluid to zero velocity, the gas attains the
same final stagnation temperature To, whether it is brought to rest through frictional
effects (irreversible) or without these effects (reversible). The final stagnation
pressure, Po, of the gas will vary with the degree of irreversibility associated with the
deceleration process, (Mattingly, 1996). When the slowing down process between 1
and y is reversible, the final pressure is defined as the total or stagnation pressure. The
final state is described as the total or stagnation state.

control

Figure 3.9

Definition of total pressure, (Mattingly, 1996).
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Stagnation Property Relationships

A set of expressions which link the static temperature and pressure of a fluid flow to
the stagnation temperature and stagnation pressure of the same flow is hereafter
developed. The hypothetical deceleration process is shown schematically in Figure
3.10. In order to determine the relationship amongst fluid properties during the
deceleration process, the continuity and momentum equations are applied to the
stationary differential streamtube control volume shown.

Stream
Tube

Control Volume

Flow

dx
density p,

velocity C^,
area A,
pressure p,
temperature T

Figure 3.10

p+dp, C,+dC„
A+dA, p+dp,
T+dT

Compressible flow in an infinitesimal stream tube, (Fox and McDonald,
1994).

For mass continuity to be observed in the control volume;

pC^A = {p + dp){C^ +dCJiA + dA)

The surface forces and pressures acting upon the control volume yield a simplified
form of the momentum equation relating the flow properties during the deceleration
process;

P

V 2 j

Equation 3.12
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Since the deceleration process is isentropic, the pressure, p, and density, p, for an ideal
gas are related by the expression p/p^ = constant. Integration of the simplified steady
flow energy equation along the stagnation streamline, between the initial state and the
corresponding stagnation state yields;

-.y/

y-^ pC
1+
y 2/7

P

Tx-l)

Equation 3.13

For an ideal gas, p = pRT, the speed of sound, c = ^[yRT, and the Mach
number, M = Cj-yJ/RT. Substituting these relationships into the previous expression
and rearranging, yields Equation 3.14, which enables the isentropic stagnation
pressure at any point in a flow field to be calculated provided that the static pressure
and Mach number at that point are also known.
P^

Ty-1)

P
Equation 3.14

Expressions for other isentropic stagnation properties can be readily obtained by
applying both the ideal gas equation of state, p = pRT, and the relation p/p^ = constant
to the process. Table 3.1 summarises the set of equations for determining local
isentropic stagnation properties of an ideal gas.
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Equation set for determining local isentropic stagnation
properties of an ideal gas.

3.5.4

Mass-Flow Parameter

The assumption of isentropic How enables an estimate of the maximum possible flow
rate passing through a passage (e.g. a turbine rotor passage) with given stagnation
conditions (p^ and TJ. This is achieved by defining a dimensionless grouping of terms
called the Mass Flow Parameter, (MFP). The MFP is a unique function of the Mach
number, M, for fixed values of the universal gas constant, R, and the ratio of specific
heats, y. The MFP is calculated by Equation 3.10;

MFP{M) =

m

Equation 3.15
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Mass flow parameter variation with Mach number is illustrated in Figure 3.11. This
curve can be used to determine the mass flow through a turbine rotor passage for a
given flow Mach number and a specific set of isentropic stagnation conditions, p^ and
Tp. Alternatively, it may be used to determine either stagnation condition if the flow
passage area, mass flow rate, flow Mach number and stagnation temperature or
pressure are known.

Mach number

Figure 3.11

3.6

MFP versus Mach number, (Mattingly, 1996).

Conclusion

This Chapter has discussed in detail the source of the principal loads experienced by a
gas turbine rotor blade during operation. These loads include structural loads of a
tensile and bending nature, together with thermal loads resulting from both
aerodynamic heating and the high temperature exhaust gases impinging on the blade
metallic surface. In order to quantify the thermal loads on the T3 rotor blade, a series
of two-dimensional finite element fluid flow models have been created at discrete
radial positions. Chapter Five describes these finite element models in detail. Chapter
Four details calculations required to specify the properties of the exhaust gases at the
turbine rotor inflow and outflow. This calculated data provides the necessary
boundary conditions applied to the fluid flow models of Chapter Five.
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4.1

Introduction

The methods used to calculate the various flow parameters (p^, T^,, etc.) for the third
stage turbine rotor blade passages of the Pratt & Whitney JT8D-15A engine are
detailed hereafter. The calculation of unknown quantities is based both upon literature
research and measured data. Assumptions made in the area of blade design and or
aerothermodynamics are discussed in detail where appropriate.

Numerical station designators are assigned to various sections of gas turbine engines.
This enables specific locations within the engine to be easily and accurately defined.
The station number coincides with the position, front to rear, of the different engine
components and are used as subscripts when designating temperatures, pressures etc.
at these positions. A standard system of designations has been set up in MIL-E-5007
for aircraft gas turbine engines of all types.

Figure 4.1 illustrates this station

numbering concept as applied to a typical axial turbine stage.

stator
Station 1

rotor
2

3
cor
C3

Figure 4.1

A typical single stage turbine and associated velocity diagram.
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Selection of Rotor Hub Degree of Reaction

According to Mattingly, (1996), the mass flow rate per unit area is higher through a
turbine annulus than through a compressor annulus. As a consequence, turbine airfoils
are correspondingly shorter and there is little radial variation of aerodynamic
properties from hub to tip except in the last few stages of the low pressure turbine.
The T3 rotor blade of the Pratt & Whitney JT8D is the second of tliree turbine rotors
in the low pressure spool. The length of the airfoil portion of this rotor blade is large
with respect to the mean engine radius. Mattingly, (1996), suggests that the degree of
reaction of a blade with this geometry varies from near zero at the hub to about forty
percent at the tip. Yahya, (1983), and Horlock, (1966), both agree that a slight positive
degree of reaction is required at the hub in order to minimise tip leakage and to avoid
compression problems along the airfoil. Figures 4.2 and 4.3, (Yahya, 1983), illustrate
the variation of degree of reaction with radius ratio for free vortex designed turbine
blading.

Degree
of
Reaction

Figure 4.2

Variation of degree of reaction with radius ratio in a free vortex
designed turbine stage, (Yahya, 1983).
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Degree
of
Reaction

Figure 4.3

Variation of degree of reaction along the blade height in a free
vortex designed turbine stage, (Yahya, 1983).

4.3

Determination of Mean Radius Velocity Triangles

4.3.1

Degree of Reaction

It is most convenient to cut the blading of a turbine stage on a cylindrieal surface and
look at a section of the stator and rotor blades in two dimensions. This leads to the
construction of a velocity diagram for the stage, showing the magnitude and direction
of the gas velocities within the stage on the cylindrical surface at the chosen radius.

The mean rotor radius, r„„ of the JT8D T3 engine is 0.287m, measured from the
engine centreline, (C/L). The steps required to determine the flow properties at this
mean radius together with the procedure for extrapolating from the mean stage radius
to any other arbitrary two-dimensional radial seetion of the rotor passage are hereafter
described.
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A rotor angular velocity, w, of 12,000 revolutions per minute (rpm) converts to
1256.64 radians/second. The peripheral speed of the blade at this radius, U, equals the
product of the angular velocity, and the radius. Thus.

U = wr,

= 1256.64 (0.287)

= 360.65 m/s

The degree of reaction at any radius, r, for constant axial velocity across the blade row
is given by ;
=

tan
Equation 2.15

Based on the theory discussed in Section 4.2, a value of ten percent is assumed for the
degree of reaction at the hub radius, i.e. °Ri,ub equal to 0.1. The degree of reaction at
any radius r is given by equation 2.16 which describes the swirl distribution of the
How with radius;

Equation 2.16

Equation 2.16 can be used to detennine the degree of reaction at the mean radius,°R,„.
A value of 0.211m is input to the equation for the hub radius, measured from the
engine C/L;

=0.514

Degree of reaction at mean rotor radius is 51.4%.

4.3.2

Vector Polygons

In the idealised situation, at the turbine design point, flow relative to the rotor is
assumed to enter and leave the rotor passage tangentially to the blade profile at every
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radial position. The blade angles, p, and P3, thus fix the direction of the relative flow
inlet and outlet velocities. The value of the blade angle at exit from the rotor blade,
p3, can be extracted from Figure 4.4 which graphically presents the blade angles,
which were measured relative to the axial direction using a co-ordinate measuring
machine. These angles are based upon a no-shock entry condition.

P3 = 46.5°

In a free vortex designed turbine stage the axial component of the absolute velocity
vector, Cx, is constant both across the rotor blade chord, and along the blade height.
Using both equation 4.1, and the value for

determined from equation 4.2, a value

can be determined for Cx.

0.514- C^(|256.64)(0.287)[^^"'^^-^
Thus,
Cx ,,ub= Cx ,ip-Cx ,„ea„= Cx = 345.79 m/s
2

2

2

2

And,
Cx3,,,b= Cx ,ip = Cx „,, „= CX = 345.79 m/s
3

3

3

3

42

12

Radial Position
Figure 4.4

Variation of inlet and outlet blade angles, P2 and P3, with
radial position for JT8D T3 turbine rotor.
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Examination of the appropriate velocity triangle, (Figure 4.5), enables the m.agnitude
of the relative velocity vector at rotor exit, W3, to be determined i.e.;

cos p3 = CX3 / W3
W3 = 345.79 / cos46.5° = 502.3 m/s

The whirl component of the absolute velocity, Cy3, can be obtained by subtracting the
vector representing the blade linear speed from the whirl component of the relative
velocity vector;

Wy3

= W3 sinp3 = 364.39 m/s

Cy3

=Wy3-U

=3.73 m/s

and thus a3, the absolute gas angle at rotor exit equals 0.6°, (almost zero swirl at exit).
The magnitude of the absolute velocity vector, <^3, can be calculated from the geometry
of the turbine rotor velocity vector diagram and previously determined data ;

C, = 345.8 m/s.

Station 2

Station 3

Rotor

W y3

Figure 4.5

Velocity triangle at turbine rotor exit.
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In a velocity triangle similar to Figure 4.5, all angles are measured from,

the axial direction. By convention, absolute and relative angles (and tangential
velocities) ahead of the rotor are defined as positive, when measured in the direction
of rotation. Absolute and relative angles (and tangential velocities) downstream of the
rotor, ahead of the following stator, are defined as positive, when measured against
the direction of rotation. (Horlock, 1966).

The blade angle at entry to the turbine rotor, P » is -1°. The constant axial velocity
2

condition resulting from the choice of free vortex blading enables the absolute and
relative tangential velocities at rotor entry to be determined;

w

2

= Cx tanp

Cy

2

= U + Wy

C

=495.3 m/s and a

2

2

= 6.04 m/s

and.
2

= 354.62 m/s

giving.
2

2

=45.7°

Figure 4.6 illustrates the relationship between various flow quantities at rotor entry in
vector polygon form.

Station 3

Station 2

Rotor

Figure 4.6

Velocity triangle at turbine rotor entry.
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The collected and calculated data allows the complete velocity vector polygon at both
rotor entry and rotor exit to be drawn for the mean rotor radius. Table 4.1, (page 70),
presents this data in tabular form.

From the Euler turbine equation, the energy per unit mass flow, coj, exchanged
between fluid and rotor for radii rj = rj is ;
-Wj

= hoj - ho^ = mr(Cy2 + Cy^,)
Equation 2.2

It should be noted that the large angle a2, (which gives a large prewhirl at rotor entry),
and the positive value of absolute whirl velocity, Cyj at rotor exit, combine to give a
large power output from the turbine stage.

4.3.3

Stage Loading & Flow Coefficients

Mattingly, (1996), derives expressions for both the flow coefficient, (j), and the stage
loading coefficient, T', of an axial turbine in temis of data provided by the stage
velocity triangles, (j) and H'' are dimensionless parameters useful in turbine design. The
ratio of the axial velocity entering the rotor passage to the rotor speed is called the
flow coefficient, (ji;

0 = Cx2/U
Equation 4.1

The ratio of the stage work per unit mass to the rotor speed squared is called the stage
loading coefficient, T',
gAho

Equation 4.2

where g is the acceleration due to gravity and Ah^ is the change in the flow total
enthalpy. The stage loading coefficient is more usefully expressed in terms of the flow
angles and axial flow velocities as
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tan0^2 + [

J tanct:3

=

tan«2 “ tan/?.
Equation 4.3
Thus,
(|) = 345.79/360.65

=0.959

and since Cxj = Cxj,

^ ^ tan45.7 + tan0.6 ^ ^
tan 45.7 - tan(-l)

Figure 4.7, (Horlock, 1966), indicates that the overall stage efficiency, r\^, based upon
this data, is in the region of 88%.

Flow Coefficient, (j)

Figure 4.7

Stage Efficiency versus stage loading and flow coefficients,
corrected for zero tip leakage, (Horlock, 1966).
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Rotor Passage Stagnation Temperature and Mach Number

According to Mattingly, (1996), when the stage loading coefficient for a turbine
design is greater than two, a single-stage design requires a significant negative
reaction. High aerodynamic efficiency is not achievable in such a turbine. A desirable
multistage design has the total temperature difference distributed uniformly amongst
several stages such that

(number of stages) x (ATJ stage
Equation 4.4

This Linifomi distribution results in a stage with the same stage loading coefficients
and same degree of reaction for a given rotor speed. For a three stage design, for
example.

uj

* si

_

^s2

_ u;

I s3

and

(°RX.= (°R)s2=(°R)s

Equation 4.5

From Appendix B of Mattingly, (1996), the total temperature of the exhaust gases at
entry to the high temperature turbine spool of the JT8D is 1211 K. The total
temperature at exhaust from the low pressure turbine spool is 750 K. Figure 4.8, (Jet
Engine, 1986), illustrates the exhaust gas temperature profile through a typical axial
flow turbo-jet engine. (The turbo-jet is in essence the core of a low bypass turbofan).
Based on the assumptions of equations 4.3 and 4.4, and on the data trends illustrated
in Figure 4.8, a total temperature of 980.5 K is calculated at entry to the third stage
turbine. Similarly, a total temperature of 865.25 K is calculated at exhaust from the
third stage turbine rotor.
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Propelling Nozzle

Compression

Figure 4.8

Combustion

Expansion

Exhaust

Flow property variation through a typical axial flow turbo-jet engine,
(Jet Engine, 1986).

Due to the absence of a cooling airflow in the third turbine stage, the flow through the
turbine nozzle can he assumed to be adiabatic. Thus the stagnation temperature at
entry to the stator can be set equal to the stagnation temperature, i.e. Toj = To,.
Similarly the flow through the turbine nozzle is adiabatic in the relative reference
frame, i.e. T03R = T02R. (Mattingly, 1996).

The stagnation and static temperatures, stagnation and static pressures and Mach
number at rotor entry (Station 2) are calculated using the equations for isentropic
stagnation conditions described in Section 3.3. The Mach number in the absolute
reference frame is determined at rotor entry by rearrangement of the equations of
Table 3.1 yielding Equation 4.6;

2CJo,
Cj

—

-^2^2 ”

1 + 2, \{y Equation 4.6
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495.3 =

2(1245X980.5)

p + 2/[{U-\)M^,]

Hence the Mach Number, Mj = 0.863

To^

T =
■'2

T =

980.5

1 + (1-3-^)o.863-

The Static Temperature, T2 = 882 K

The Mach number and static temperature at station rotor exit, station 3, are calculated
in a similar manner to be 0.626 and 817.2 K respectively.

4.3.5

Rotor Passage Stagnation Pressure

The mass-flow through the JT8D engine at a sea level engine setting equivalent to a
turbine speed of 12,000 rpm is 252 lb./sec. (Mattingly, 1996). The bypass ratio for a
bypass turbofan engine is defined as the ratio of the mass-flow through the bypass
duct, (and hence through the fan) to the mass-flow through the engine core ;

B.R =

M fan
Me

Equation 4.7

The JT8D being an early generation turbofan engine, has a bypass ratio of 1.1 ; 1
Thus the mass flow rate of 252 Ib./sec divides in the ratios

M fan = 59.93 kg/sec through the core and,
M core — 54.46 kg/sec through the fan.
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The annulus area at any axial station along a turbine stage is based upon the flow
properties, (T^, P^, Mach number, and flow angle) at the mean radius, and the mass
flow rate. Equation 4.8 is a rearranged version of Equation 3.15, a dimensionless
grouping of flow parameters referred to as the Mass Flow Parameter. Equation 4.8 is
the most convenient equation to use to calculate the flow area required at any station i,
for specific flow properties and a specific mass flowrate.

/f. =

'

P^,.(cos«.)ME’P(M.)
Equation 4.8

r... =

n,

A = n{r^ - rl)
A - Ijurh

Figure 4.9

Flow annulus dimensions.

At Station 2,
r,,= 0.21 Im and r, = 0.3628m
=>

r„, = 0.287m
h = 0.01518m

A = 0.27364 m'
2

Mattingly, (1996) lists various compressible flow functions for different values of y,
the ratio of specific heats. For y equal to 1.3, the mass flow parameter at M ,
2

MFP(M2= 0.863) = 0.038877
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0.27364 -

54.48 V980.5
Po, cos45.7(0.038877)

The Total Pressure,

P = 23 0113.8 N/m
2

p = Po^
'

T

-i-

To,

■

=230113.8

The Static Pressure,

P

2

r-\

882
980.5

1^2
= 145427.9 N/m

The static and dynamic density, p, and

respectively, can be determined for the flow

using the equation of state for an ideal gas,
^02

”

Pol^^ol

Equation 4.9
and Equation 4.10 which can be obtained by rearrangement of the compressible flow
equations listed in Table 3.1;
Pol

01

Pi
Equation 4.10

Yielding p = 0.593 kg/m^ and po = 0.844 kg/mk
2

2

The procedure outlined in Sections 4.3.2 to 4.3.5 inclusive are used to calculate the
flow parameters (P^, T^, M, etc.) at exit from the third stage turbine rotor exit. Station
3. Table 4.1 gives a detailed listing of all relevant flow property data at Stations 2 and
3 for the mean radius of the turbine stage of interest.
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Radius
Shaft Speed

0.287m
12,000rpm

Property

Units

Station 2

Station 3

To

Kelvin

980.5

865.25

T

882.0

817.2

TOr

1135.5

918.6

230113.8

163231.2

p

145427.9

127448.1

Po„

434599.1

211515.0

M

0.8630

0.626

Mr

0.603

0.900

0.593

0.543

0.844

0.657

495.30

345.8

Cx

345.79

345.79

Cy

354.62

3.73

345.8

502.3

Wx

345.79

345.79

Wy

6.04

364.39

45.7

0.6

-1

46.5

Po

P

Pascals

kg/m3

Po

c

\v

a

m/s

m/s

degrees

p

0.514

Deg. of Reaction Blade Speed, U

m/s

360.65

radius, r

m

0.287

Table 4.1

Flow property and velocity triangle data at mean radius for
one-dimensional compressible flow.
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Flow Property Solution for Arbitrary Radial Positions

The flow data at radii other than the mean radius can be determined by extrapolation.
Thus, at Station 2, for any arbitrary radial position along the rotor blade,

M total = P2^COSa2C2

Equation 4.11

This yields a value for pj at radius, r. Equation 4.12 can then be used to determine a
value for the total density, p02, which in turn can be used in equations 4.13 and 4.14
to calculate the total and static pressures, at that radius;

Pol ~ Pi

'y-\

To-

Equation 4.12

POj

—

Pol^^^l
Equation 4.13

p
- Po
^1 - ^02\

^
Equation 4.14
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Automation of Flow Calculations using Microsoft Excel

The author has constructed structural finite element models of the JT8D T3 turbine
rotor which will be discussed in detail in later chapters. These structural models are
subjected to stresses which develop as a result of both thermal loads, and inertial or
body loads. The thermal loads are applied in the form of temperatures to the finite
element nodes located at the interface between the rotor blade surface and the exhaust
gases. Thermal loads applied to these models are determined as follows :

The temperature of the exhaust gases in the boundary layer immediately adjacent to
the metallic surface of the rotor are evaluated by constructing finite element models at
discrete radial positions. These models solve for the various flow properties at all
points in a prescribed solution domain. The flow properties at all bounding surfaces
must, however, be specified. A portion of these boundary conditions consist of the
total temperature, total pressure and flow velocities in the relative frame of reference
at the rotor passage inlet and rotor passage exit.

The flow properties, which fomi the boundary conditions at the rotor inlet and exit
planes, are calculated manually in Section 4.3 for a section located at the mean turbine
radius. Figure 4.10 is a screen capture of the first of two computer spreadsheets,
developed using Microsoft Excel, which automates the process of boundary condition
calculation. This spreadsheet uses the equations for one-dimensional compressible
flow in a duct to determine the isentropic stagnation properties of the exhaust gases as
they flow through the turbine rotor passage. The passage is formed by the suction and
pressure surfaces of two adjacent third stage rotor blades. This first spreadsheet is
only valid for the mean turbine radius and takes as input;

•

the mean turbine radius, from the engine centreline, (measured),

•

assuming shockless entry at the design point, the blade angles, P2 and

at

rotor entry and exit respectively, (measured),
•

the stagnation temperatures T02 and T03 at the mean radius, (from the
literature).
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•

the hub degree of reaction, (assumed),

•

the rotor speed and mass flowrate through the turbine annulus, (from the
literature).

A second spreadsheet fixes the state of the exhaust gases at all other arbitrary radial
positions. Section 2.5 discusses in detail both two-dimensional, and threedimensional, turbine rotor design theory. In Section 2.5.3 it is shown that the axial
velocity, Cx, is constant along the blade height, i.e.
dr

According to Yayha, (1983), it is often assumed during turbine stage design that the
axial component of the absolute velocity vector remains constant across the rotor i.e.
Cx = Cxj = Cx. Thus,
2

Cx2h = Cxji = Cx2„, = Cx2

This second spreadsheet determines the flow properties at any arbitrary radial position
subject to the provision of the following inputs ;

•

the axial component of the absolute velocity vector, Cx, (calculated at the mean
radius).

•

the section radius measured from the engine centreline, (measured),

•

assuming shockless entry at the design point, the blade angles, p and P , at
2

3

♦

rotor entry and exit respectively, (measured),
•

the stagnation temperatures T

•

the hub degree of reaction, (assumed),

•

the rotor speed and mass flow through the turbine annulus, (from the literature).

02

and T

03

at that radius, (from the literature),
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Absolute or Relative Frames of Reference

The hot exhaust gases approach the rotor blades of an axial flow turbine with an
absolute velocity C2, at an angle

to the axial direction. Combined with the

peripheral velocity U of the rotor blades, the relative velocity of the gas stream will be
W,, at an angle pj-

The use of absolute and relative velocities introduces the concept of absolute and
relative frames of reference. In the context of turbomachinery, the fluid flows with an
absolute velocity, C. The fluid flow has a relative velocity, W, when it is viewed by an
observer travelling on the rotor at the rotor velocity, U. The velocity triangle of Figure
4.11 illustrates this concept;

Figure 4.11

Relative and Absolute Velocities

Equations 4.15 to 4.16 inclusive are used to convert flow property values from the
absolute reference frame to the relative frame of reference ;

- Mycos^ a + (sina +
Equation 4.15

Tr, —
~ Tn +

/2C, cos" a + (sina +

-1
Equation 4.16
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n2

T
Po=P

T
Equation 4.17

where M is the flow Mach number, co is the blade angular velocity, r the radius, C the
absolute flow velocity, Po and To the stagnation pressure and temperature, p and T the
static pressure and temperature and U is the linear blade speed.

4.7

Conclusion

At any given point in a compressible fluid flow field, the thennodynamic state of the
gas is fixed by specifying, at that point, the velocity of the gas and any two
independent properties such as pressure and temperature. The Mach number, total
temperature and total pressure are other thennodynamic properties, which are
dependent upon the speed of the gas and which may be used in place of the speed to
describe the state of the How. Thus Table 4.1 contains sufficient data to completely
define the state of a one-dimensional compressible How field at entry to, and exit from
the turbine rotor passage, at mean radius. This data is applied to finite element fluid
How models used to solve for the entire flow field within the turbine rotor passage.
The temperature at the interface between the rotor surface and exhaust gases is applied
as thermal loads to structural finite element models of the JT8D T3 blade.
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5.1

Introduction

A turbine rotor blade experiences a combination of structural and thermal stresses
during operation. These thennal stresses result from the high temperature of the
exhaust gases impinging upon the metallic surface of the blade. This chapter
discusses in detail the approach used to determine the temperature profile of the hot
gases immediately in contact with the rotor blade surface. The analyses use the flow
property data determined in Chapter Four as boundary condition inputs. Chapter Five
also describes in detail the Computational Fluid Dynamics modelling technique used
to implement these analyses on a digital computer. A review of the model generation
and solution is also undertaken.

5.2

Flow Model Design

Turbomachinery blade components are designed with the aid of analytical and
computer based techniques. If one is to have confidence in achieving design targets in
practice using these methods, then it is essential that the mathematical model
employed adequately describes the physical processes involved. However, the flow in
a turbomachine is very complex. There are rotating and non-rotating components. The
blade geometries are three-dimensional with the sectional geometry and blade stagger
angle varying from hub to tip. Boundary layers exist on the blade surfaces. Wakes
follow from the trailing edges of the blades. Consequently the flow is unsteady, three
dimensional and has regions where viscous effects are predominant. The solution of
the full equations of motion together with the full boundary conditions represents a
formidable task from both a computational and modelling point of view.
Consequently, approximate models of the flow are adopted.
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Many blade design systems are based on the original work of Chung-Hua Wu, (1952),
using quasi-3D through-flow and blade-to-blade programs, Figure 5.1, (Stow, RollsRoyce pic.). Using this design process, a through-flow analysis yields the necessary
inlet and outlet flow conditions for each section of a blade row. Using a blade-to-blade
analysis, sections of a blade are designed on isolated axisymmetric stream-surfaces.
Once designed, they are stacked radially and circumferentially to produce a threedimensional blade geometry which takes aerodynamic as well as mechanical
constraints into account. Thus, the desired lift of each blade section is known. The
design freedom lies with the lift distribution from leading edge, to trailing edge which
in turn determines the characteristics of the blade surface boundary layers. In effect,
this design technique yields the velocity and pressure profile of the flow around the
blade. Knowledge of these two flow properties at any given point enables the flow
temperature at that point to be determined.

5.3

QUASI-3DIMENSIONAL ANALYSIS

The flow through a turbine rotor passage is an inherently three-dimensional affair.
However, this most complex of three-dimensional flows is analysed by dividing the
three-dimensional flow field into two two-dimensional flow fields. The complete flow
field is the sum of these less complex two-dimensional flows. This design technique is
commonly referred to as a quasi-3dimensional analysis. The recent evolution of
analytical techniques and computing equipment has increased the applicability of this
techniques to turbine blade and vane design. The two-dimensional flow fields are
most commonly called the through-flow field, and the blade-to-blade or cascade field.

Information from a through-flow program is used to define the geometry of the
stream-surface in the blade-to-blade analysis as well as to provide the inlet and outlet
How conditions to the blade-to-blade model. Figures 5.1 and 5.2 describe this
approach. Once the individual blade sections are designed using this technique, they
are stacked radially and circumferentially to produce a three-dimensional blade
geometry taking into account both aerodynamic and mechanical design constraints.
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Through-flow,
Surface

Blade-to-blade
S2 Surface

adial,

tangential, y

Figure 5.1

5.3.1

Intersecting Sj and S2 surfaces in a Blade Row, (Stow, Rolls-Royce pic.).

The Though-flow Field

In most turbine design systems, the design starts with the resolution of the blade
passage through-flow on an S2 surface, as defined in Figure 5.1. The flow is
considered to be steady in a frame of reference relative to the considered blade row.
For turbine rotor design, this computation requires the specification of certain
parameters for the blade row, for example the radial distribution of work along the
rotor and the radial distribution of angular momentum at rotor passage entry. Figure
5.2 lists in graphical form the specific information determined from each step in the
quasi-3dimensional analysis.

In Chapter Two of this report, the radial distribution of work in the form of the degree
of reaction at discrete spanwise positions along the JT8D T3 turbine blade is
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described. A method for determining the flow velocity polygons at rotor entry and exit
is also discussed. This information, together with a knowledge of the massflow at
rotor entry and exit enables the radial distribution of the angular momentum of the
flow to be described. Chapter Four quantifies this information for the specific case of
the JT8D turbine rotor.

Through Flow Analysis
Input a) Annulus infomiation, Blade row exit
back pressure, inlet pressure and
temperature profiles, inlet mass
flow, rotor rotational speed.
b) Blade geometry
c) Passage averaged perturbation temis
Output d) Blade row inlet and exit conditions.
Blade-to-blade Analysis
e) Blade geometry, rotational speed,
inlet and exit boundary conditions,
streamline height.
Output f)
Surface velocity, pressure, and
temperature distribution, profile
losses.
Input

- e

Section Stacking
g) Blade section geometry, stacking
points, axial and/or tangential leans.
Output h) Three-dimensional blade geometry.
Input

Figure 5.2

5.3.2

Quasi-3D System used in Turbine/Compressor Blading Design

The Blade-to-Blade Field

According to Mattingly, (1996), the blade-to-blade field considers the flow behaviour
along stream surfaces of revolution. Unwrapping the stream surface gives a
meridional projection of blade profiles, as shown in Figure 5.1 - a two dimensional
flow field in the tangential, and axial co-ordinate directions. If the curvature of the
stream surfaces in the throughflow field is not pronounced, the flow at a constant
radial location may instead be modelled and the flow conditions determined in the
rotor passage for a given rotor blade profile.
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Blade-to-Blade Model Formulation

The rotor of a turbomachine rotates with constant angular velocity, co, about a fixed
engine axis. A relative co-ordinate system is attached to the rotor so that the flow
appears steady to an observer attached to the rotor blades. According to Meauze,
(1987), only one situation exists when the flow in a turbomachine can be considered
to be truly steady (in the relative reference frame) : this corresponds to the particular
configuration of an isolated blade row, when the inlet and outlet boundary conditions
including the rotational speed are not time-dependent.

In the traditional blade-to-blade analysis, a spatial orthogonal curvilinear co-ordinate
system is used to descretise the flow through the blade row passage. The axial plane
of the turbine is assumed to be composed of a discrete number of stream surfaces of
revolution between the rotor hub and tip. This judicious selection of the co-ordinate
system, together with the assumption of stream surfaces, simplifies a threedimensional flow field to the determination of a two-dimensional blade-to-blade flow
field. The governing partial differential equations for the blade-to-blade surface of
revolution are formulated in tenns of the axial and circumferential co-ordinate system
(since the radial co-ordinate is a constant). The subsonic axial-circumferential
solution resulting from such a model, provides the necessary gas dynamic input data
for a structural / thennal model of a complete blade.

The blade-to-blade analysis is carried out on a series of two-dimensional axial - quasi
tangential planes, oriented at right angles to the radial direction. Each plane is located
at a specific radius measured from the engine centre-line along a radial line. This
radial line passes through a reference point located in the blade root. The motivation
for this deviation from the normal blade-to-blade stream surface model is that the twodimensional finite elements used to discretise the problem domain cannot be used in a
two-dimensional cylindrical co-ordinate system, (0 and z change, r constant). Instead,
these Fluid141 ANSYS/Flotran elements require mutually perpendicular Cartesian
co-ordinates, (x and y, z being constant). The conclusions of the analysis by
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Josyln and Dring, (1986), indicate that the difference in the results for the two
approaches is minimal.

5.3.4

Boundary Conditions for Turbine Blade Passages

Specification and enforcement of proper boundary conditions for the turbine rotor
passage blade-to-blade model is essential to accurately model the flow. Scott, (1985),
provides a detailed discussion of boundary conditions for turbomachinery. He
suggests that the important flow variables are ;

relative velocity, W,
static pressure, p,
static density, p,
total temperature, T^„
total pressure, P^, or total enthalpy, 1\„
turbulent kinetic energy, k,
and turbulent energy dissipation rate, s.

Figure 5.3 illustrates the extent of the control surface enclosing the flow field of the
turbine rotor passage. The specific boundary conditions applied to this control volume
are described hereafter.

Initially, the magnitudes of the dependent variables must be specified within the
control volume. It is not essential that the initial approximation to the flow field be
aceurate as the aim is not to follow the transient aspects of the physical problem, but,
to obtain the steady-state solution.

The preseription of the inflow and outflow boundary conditions is one of the most
important tasks. In theory, these surfaces should be located far upstream and far
downstream of any solid surface, where the influence of the blade section under
consideration is negligible. Current computer capability, and grid topographical
restraints make it prohibitive to employ the ideal conditions. Hence, the inlet and
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outlet surfaces are located between one and one-half chord lengths upstream and
downstream of the blade.

The prescription of the boundary conditions at the inlet and exit boundaries depends
upon the flow regime - subsonic or supersonic, and the nature of the solver equations.
When the equations are solved in the rotating co-ordinate system, most authors
prescribe the total relative temperature, the total relative pressure, the flow angles and
the relative velocity components at the inflow boundary where the axial velocity is
subsonic. The static pressure is prescribed at the outlet, again for subsonic flow and
the radial pressure distribution is determined taking consideration of radial
equilibrium requirements.

If the k-s model is employed for turbulence closure, the upstream value must be
prescribed for the turbulent kinetic energy, k, and a value for the kinetic energy
dissipation rate, s, approximated by some length scale. In applications such as a bladeto-blade analysis, the hydraulic diameter of the inlet is used to approximate s.
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Figure 5.3

Rotor Blade Element Boundary Specification

In order to simulate infinite blade row conditions, it is essential to enforce periodic
boundary conditions upstream and downstream of the blade row. This is accomplished
by setting the dependent variables equal at the two periodic boundaries. The technique
used to generate periodic boundary conditions is referred to as coupling. When a set of
nodes is coupled, two or more degrees of freedom (temperature, pressure, velocity
etc.) are forced to take on the same, but unknown value. A set of coupled degrees of
freedom, (DOF), contains a prime DOF, and one or more other DOFs. Coupling
causes only the prime DOF to be retained in the analysis matrix equations and all
other DOFs in the coupled set are eliminated. The values calculated for the prime
DOF are assigned to all the other DOFs in the coupled set.
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A no slip boundary condition is imposed on the relative velocity at all solid surfaces,
thereby ensuring that the normal component of the relative velocity vector along the
blade surface vanishes. The remaining dependent variables along the blade surface are
determined from the governing partial differential flow equations.

5.4

Computational Fluid Mechanics

The physical aspects of any fluid flow are governed by three fundamental principles;
conservation of mass, conservation of energy and Newton’s Second Law. These
fundamental principles can be expressed in terms of mathematical equations, which in
their most general form are usually partial differential equations. Computational Fluid
Dynamics (CFD) is the science of determining a numerical solution to the governing
equations of fluid flow whilst advancing the solution through space or time to obtain a
numerical description of the complete flow field of interest.

The governing equations for Newtonian fluid dynamics, the unsteady Navier-Stokes
equations, have been known for over a century. Experimental fluid dynamics has
played an important role in validating and delineating the limits of the various
approximations to the governing equations. In the design of equipment depending
critically on the flow behaviour, for example, the aerodynamic design of a
turbomachine, full scale measurement as part of the design process is economically
impractical. This situation has led to an increasing interest in the development of a
numerical modelling.

The steady improvement in the speed of computers and the available memory size
since the 1950s has led to the emergence of computational fluid dynamics. This
branch of fluid dynamics complements experimental and theoretical fluid dynamics
by providing an alternative cost effective means of simulating real flows.
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The Governing Equations

A mathematical model is necessaiy in order to quantitatively analyse a flow. This
model must be capable of predicting the changes, which any flow variable will
experience at any time and at every point in the flow. The predicted changes must be
consistent with the physical laws that govern the flow of a fluid. According to Fox and
McDonald, (1994), these laws are;

5.4.1.1

1.

Conservation of Mass - The Continuity Equation,

2.

Newton’s second law of motion - The Momentum Equation,

3.

Conservation of Energy, The Energy Equation.

The Continuity Equation

A How system is, by definition, an arbitrary collection of matter of fixed identity.
Conservation of mass requires that the mass, M, of the system be constant, (Fox and
McDonald, 1994). On a purely rate basis, this concept may be stated as,

dM
=

dt

0

system

Equation 5.1
In differential form, this may be expressed as;

4?

d

^

^ipCJ ^ ^(pCy) ^ ^
3c

^
Equation 5.2

where p is the flow density, and Cx and Cy are the axial and whirl components of the
absolute flow velocity, respectively. The rate of change of density is replaced by the
rate of change of pressure and, more importantly, the rate at which density changes
with pressure;
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d

dP

d
Equation 5.3

The evaluation of the derivative of the density with respect to pressure arises from the
equation of state. If the compressible algorithm is used, an ideal gas is assumed such
that dpldP = \lRT.

According to Anderson, (1995), the integral form of the governing equations allows
for the presence of discontinuities within a fixed control volume, whereas the
differential form of these equations assumes the flow properties are differentiable and
hence continuous.

5.4. L2

The Momentum Equation

The momentum equation is a dynamic equation which describes the motion of a fluid
by applying Newton’s second law to each particle in the flow. In it’s most general
form, the momentum equation is represented by a set of equations of motion in
differential form, the Navier-Stokes equations. For the case of compressible flow in
two co-ordinate directions, these equations may be written as;

(}(pc,) ^ ^(p + pCy ) ^ TpCC) _

dc

d

^
dc
Equation 5.4

and

d{pC,)

,

dip^pCp

,

,

d{T,^)

-------------------------------- 1------------------------------------------------------ 1------------------------------------------ _-------------------------------- 1-

d

dc

4^

dc

^
Equation 5.5

where the x terms are known functions of the velocity gradients and viscosity, and p,
Cx and Cy are, respectively, the axial and whirl components of absolute velocity. The
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ANSYS/Flotran program formulates the Navier-Stokes equations in a differential
form. This formulation includes terms which accounts for viscous loss terms,
gravitational acceleration and user specified source terms such as distributed
resistances, etc.

The ANSYS/Flotran program offers flexible Computational Fluid Dynamics software
with the capability of solving a variety of fluid flow problems including laminar,
turbulent, compressible and incompressible flow; subsonic, transonic, and supersonic
flow; single or multiple fluid flows and thermal/fluid flow coupling.

Manufacturing

companies in industries ranging from automotive, aerospace, and heavy machinery, to
computers and electronics, utilize ANSYS/Flotran to produce high-quality designs
and minimize elaborate prototyping. The software provides robust capabilities for
simulating and analyzing the flow characteristics of fluids including pressure drop,
velocity distribution, lift and drag forces, and heating and cooling effects.

5.4A, 3

The Energy Equation

The continuity and momentum equations are used to calculate the static pressure and
velocity components of the fluid. If it is required to model the heat flow in the fluid
then a relationship between the flow variables and the temperature of the flow must be
formulated in order to calculate the temperature throughout the fluid. This is achieved
through the energy equation, which, when expressed in terms of the total (or
stagnation) temperature takes the form;

^ AT
AT
^-fC^ + C^,
dK
V dt
^J

jLl

pCp

dc

+2

dO,
__>

[ 4^ J

4-

+

\ 4

dO^,)
^ )
{

+•

d"T^^d"T^
pCp V dx:‘
4^' )

Equation 5.6
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ANSYS/Flotran formulates the complete energy equation in the following form,

dt

+

d(pc,cj„) S(pc,.cj„)
3c

+

3y

(3r„

= —K
3c K 3c J

^ J^c''
+ —

3y

K

—^

\ ^J

+W'' + e'‘

+2" + (# +
3

Equation 5.7
W is the viscous work term,

where

Q'' the volumetric heat source,
(|) the viscous heat generation term and,
E'^the kinetic energy of the flow.

5.4.2

Numerical Discretisation of the Governing Equations of Fluid
Flow using the Finite Element Method

Section 5.4 discusses the topic of computational fluid dynamics, or CFD. CFD is a
computer based modelling technique capable of solving the governing equations of a
flow. These equations are first transformed into a form which is understandable to a
digital computer. Three major descretisation techniques exist, the finite difference
method,

the

finite

element

method,

and

the

finite

volume

method.

The

ANSYS/Flotran software package utilises the finite element method. The basis of the
finite element method as described in Knight, (1994), is summarised in the following
steps. It is equally relevant to the analysis of fluid flows as to solid structures.

The domain, over which the governing partial differential equations apply, is split into
a finite number of sub-domains known as elements. These elements assemble through
interconnection at a finite number of points on each element called nodes. This
assembly provides a model of the solid structure or fluid flow field. A simple, general
solution to the governing equations is assumed within the domain of each element.
Application of the general solution form to all the elements results in a finite set of
algebraic equations, which must be solved for the unknown nodal values. By
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subdividing a structure in this manner, one can formulate equations for each separate
finite element which are then combined to obtain the solution of the whole system.

Modem finite element packages are designed with user interfaces to facilitate easy
preprocessing, control of the solution procedure and post processing. However, errors
can occur, particularly at the preprocessing stage where element types, boundary
conditions and material properties etc. are assigned. The finite element technique
yields an approximate solution, and although colourful plots of results are obtainable,
they may be severely inaccurate. The results are therefore worthless if the quality of
the solution is unknown.

To assess the quality of the solution and avoid possible input and control errors,
several checks and tests should be perfonned at various stages of an analysis. Checks
and tests to assess the validity of the model (i.e. ensure that the model represents the
actual situation), and to minimise inaccuracy of the results (i.e. ensure that a
converged solution is obtained) are usually recommended. Typically, in an FEA
project there are six stages at which it is necessary to perform checks or tests. Bryan,
(1998), has created a compilation of tests which are outlined below;

Checklist for an FEA Project

1.

Geometry
• Are unnecessary details eliminated?
• Is the geometry appropriate for the elements selected?
• Is symmetry used where possible?

2.

Mesh
• Are the correct elements selected for expected behaviour?
• Is the mesh density or element order adequate to capture expected
behaviour?
• Are there any excessively distorted elements?
• Are there any incorrectly connected elements?
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• Is there incorrect mixing of element types?
• Have optimal node and element numbering sehemes been used?

3.

Loads and Boundary Conditions
• Are all possible, or all important loads eonsidered?
• Are the loads correetly applied?
• Is the uneertainty of loads known?

4.

Mathematical Model Assumptions
• Is the model linear or nonlinear?
• Is the problem static or dynamic?
• Is there buckling or other instability?
• What is the material property accuracy or uncertainty?

5.

Solution Checks
• Are there error messages?
• Does the solution converge?

6.

Post-solution Checks
• Is the graphical processing understood?
• Is the solution valid?
• Are there appropriate or feasible geometry changes?
• Can the results be checked with results from other methods? (e.g.
experimental, mathematical)
• What is the level of discontinuity in the derived quantities?
• Evaluate the problem for stress, deflection, fatigue, temperature etc.

7.

Improve the accuracy of the Solution
• Is the overall F.E. model accurate and adequate?
• Should the mesh density or element order be increased in any regions of the
model?
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Application of the above checks in an analysis makes the finite element method a very
powerful tool, with the ability to analyse problems, which otherwise could not be
accurately accomplished. The following section briefly describes the finite element
discretisation of a blade-to-blade computational fluid dynamics model.

5.4.3

Model Generation

A two-dimensional i-j grid is used to discretise the turbine rotor passage domain.
Upstream of the blade passage, the i-direction orientation of the grid lines is chosen to
approximately follow the flow direction, given by p . This is the no-shock entry
2

condition corresponding to the design operating point. The grid points are spaced
around the suction surface near the leading edge, where the pressure and flow velocity
vary rapidly. The grid line orientation downstream of the blade is also chosen in the
approximate flow direction, P . This allows the recalculation zone near the trailing
3

edge and the wake mixing downstream to be captured with a relatively fine grid. The
grid line orientation in the j-direction is chosen to be approximately tangential.

The ANSYS/Flotran CFD software package element library contains both a twodimensional and a three-dimensional finite element. The two-dimensional element,
Fluidl41 can be used to model transient or steady state fluid/thermal systems which
involves fluid and / or non-fluid regions.

The ANSYS/Flotran Fluidl41 element uses the principle of conservation of
momentum to obtain flow velocities. The pressure is determined from the principle of
conservation of mass, and the flow temperature, if required, is obtained from the law
of conservation of energy. The flow problem is non-linear and the flow equations are
coupled together. A segregated sequential solver algorithm is used to solve all of the
governing equations. This solution process, together with the update of any
temperature or pressure dependent properties constitutes a global iteration. The
number of global iterations required to achieve a converged solution may vary
depending upon the size and stability of the problem.
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The geometry and node locations for the Fluidl41 element are shown in Figure 5.5.
Table 5.1 presents a general summary of the Fluidl41 element input data.

K

K,L
Y (e.g. axial)

X (e.g. radial)

Fluidl41 Two-dimensional Fluid-Thermal Element

Figure 5.5

Element Name

Fluidl41

Nodes

I,J,K,L

Degrees of Freedom

velocities, C^, Cy,
pressure, P, temperature, T,
turbulent kinetic energy, k,
turbulent kinetic energy dissipation rate, s

Material Properties

density, p,
viscosity, p,
specific heat capacity, C,
thermal conductivity.,

Special Features

non-linear,
optional turbulence model
compressible or incompressible algorithm
transient or steady state algorithm
rotating or stationary co-ordinate system

Table 5.1

Fluidl41 Input Summary
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The solution output associated with this element takes the form of various nodal
quantities such as velocity, static temperature, and relative pressure, together with a
variety of derived quantities such as total pressure, total temperature and Mach
number, etc.

5.4.4

Model Solution

ANSYS/Flotran is capable of solving for two- and three-dimensional velocity and
pressure distributions in a single phase, Newtonian fluid. Thermal effects, if present,
can also be modelled.

The fluid flow problem is defined by the laws of conservation of mass, momentum
and energy. These laws are expressed in terms of partial differential equations, which
are discretised utilising a finite element based technique. It is assumed that the
problem domain does not change during solution. The user decides if the problem
flow is laminar or turbulent, and if the incompressible or the compressible flow
algorithm are to be invoked. The following paragraphs discuss some points which are
relevant to the blade-to-blade model solution.

• The flow of gases in an ANSYS/Flotran analysis is restricted to ideal gases. The
user decides whether the effect of temperature on fluid density, viscosity and
thermal conductivity is important.

• The distinction between laminar and turbulent flow lies in the ratio of the inertial to
the viscous transport. As this ratio increases, instabilities develop in the flow and
velocity fluctuations begin to occur. A turbulent model accounts for the effect of
these fluctuations on the mean flow by using an increased viscosity, the effective
viscosity, in the governing equations. The effective viscosity is the sum of the
laminar

viscosity

and

the

turbulent

viscosity.

To

assess

whether

the

ANSYS/Flotran turbulence model is used, an estimate of the Reynolds number is
made.
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• To determine whether the compressible option is required, the Mach number is
estimated. The Mach number, at any point in a flow field, is the ratio of the fluid
speed and the speed of sound. At Mach numbers as low as approximately 0.3, use
of the compressible solution algorithm should be considered, as a pronounced
difference can exist between the results calculated by the compressible algorithm
and the incompressible algorithm.

For the blade-to-blade models described in this chapter, the flow is first solved as
turbulent, incompressible and adiabatic, with constant fluid properties. The default
software values are utilised for the turbulent kinetic energy, k, and the turbulent
kinetic energy dissipation rate, 8. Once a converged solution is achieved, the thermal
option is activated. This flow solution is then used as a starting point for a thermal,
turbulent flow.

For an ideal gas, the density is calculated from the equation of state. This equation
involves the absolute pressure and the absolute flow temperature. In regions of high
velocity gradients, negative values of the absolute pressure and absolute static
temperature, leading to negative density values, can occur early in iterative solution
process. One way to prevent this from occuring is to use a converged incompressible
(and thermal turbulent) solution as a starting point for the fully compressible analysis.

Artificial viscosity and inertial relaxation are also useful in preventing negative flow
properties. Inertial relaxation helps to stabalise a solution by increasing the magnitude
of the main diagonal of the matrix equation. Smaller values provide more diagonal
dominance and thus equation stability. The cost of this is slower convergence as it deemphasises the influence of the cross-coupling terms present in the governing
equations.

Artificial viscosity may be utilised to enhance stability in difficult compressible
problems. The artificial viscosity is added to the main diagonal of the momentum
equations causing these equations to become more diagonally dominant locally in
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regions with high velocity gradients. Negative temperatures occuring during the
solution procedure may thus be avoided. In compressible analyses, the artificial
viscosity is gradually removed as convergence is achieved as a non-zero value will
significantly influence the final solution. Unlike artificial viscosity, the inertial
relaxation does not affect the final solution, if the problem is converged, and thus
need not be removed.

5.4.5

Model Convergence

As an ANSYS/Flotran simulation proceeds, the algorithm calculates convergence
monitors for each degree of freedom at every global iteration. The convergence
monitors are a normalised measure of the solution’s rate of change from global
iteration to global iteration. By denoting a general field variable or DOF, (}), the
convergence monitor is defined as follows;

\ik

j.k-\

Convergence Monitor = 2^
i=\

fi

Equation 5.8

The convergence monitor thus represent the sum of changes of the variable, (|),
calculated from the results between the current k^'’ iteration and the previous (k-l)‘'’
iteration, divided by the sum of the current values. The summation is performed over
all n nodes, using the absolute values of the differences. As an example, the default
value for the pressure convergence monitor is l.Oe-8. ANSYS/Flotran includes a
graphical solution tracking facility for convergence monitoring purposes.
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Conclusion

Chapter Five deals in detail with the theoretical basis for the approach used in this
thesis to model the turbine rotor passage flow. Typically, either the finite element or
finite volume methods are used to implement the governing equations of fluid flow on
a digital computer. The variety of available commercial algorithms, using these
methods, are gathered together under the descriptive title of computational fluid
dynamics, or CFD. CFD algorithms provide a numerical solution to the governing
equations of fluid flow, whilst advancing the solution through space or time to obtain
a numerical description of the complete flow field of interest.

A description of the primary issues pertaining to model generation and solution is
undertaken. The use of inertial relaxation and artificial viscosity to locally enhance the
diagonal dominance of the momentum equation and hence the stability of difficult
compressible problems in regions with high velocity gradients is also discussed.
Chapter Six deals with issues relevant to the generation and subsequent solution of the
structural / thermal turbine blade models. The results of both these chapters is
presented in detail in Chapter Seven.
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6.1

Introduction

This chapter discusses the important issues relevant to the construction of a solid,
three-dimensional, finite element model of a gas turbine engine rotor blade, in this
case the third stage rotor blade of the Pratt & Whitney JT8D-17A low pressure turbine
spool. The aerothermodynamic data obtained using the techniques described in
Chapters Four and Five is applied to variously leaned and bowed versions of this basic
model.

6.2

The Geometric Model

The tenn geometric modelling is used to describe the process of graphically
representing the shape and size of a physical object, typically on a digital computer.
Such models are used during engineering design in order to give a visual perspective
of objects which do not physically exist. Some types of geometric model can be used
to evaluate physical features of an object such as mass, volume, mass moment of
inertia, and for predicting the response of mechanical systems to temperature and
stress fields, dynamic forces. Two major methods of modelling three-dimensional
objects exist;

• surface modelling, and
• solid modelling.

The following paragraphs briefly outline the salient features of these modelling
methods.
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Surface Modelling

A surface model is generated by bounding the exterior of an object by a number of
mathematically defined surfaces, be they simple planes, cylinders or cones, or more
complex surfaces such as B-splines or Bezier curves. In reality, surface models are of
limited use, as they are most suited for displaying the surface of an object when
interior details are of no interest.

6.2.2 Solid Modelling

Solid-modelling systems are widely accepted as a foundation for mechanical product
design. Solid models include more detailed geometric information about an object, i.e.
internal as well as external. The main advantage of this additional information is that a
solid model from a CAD system can be integrated with powerful finite element
analysis (F.E.A.) software to offer the designer an efficient tool for dealing with
complex design problems. The block diagram of Figure 6.1, (Hsu and Sinha, 1992),
suggests one possible means by which CAD and F.E.A. can be integrated.

6.2.3 Measurement of Blade Geometry

The geometry of the JT8D third stage turbine blade was measured by the author
through the use of the departmental co-ordinate manual measuring machine. Eighteen
separate profiles were scanned along the span of the airfoil.

The Co-ordinate Measuring Machine used by the author is classified as a
measuring machine, manufactured by

DEA.

The

SWIFT is

SWIFT

a member of a series of small

Cartesian manual co-ordinate measuring machines, which have bridge type
architecture. The mechanical structure of the machine consists of a fixed supporting
beam, together with a moveable pillar combining to perform measurements in all three
orthogonal directions. The co-ordinate measuring machine is connected to a tutor

m

control and data processing system. This system consists of a personal computer
connected by an asynchronous serial line to an electronic distribution box housing the
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system hardware and firmware. The

swift

machine is capable of recording

topographical data using either of two separate techniques. A touch finger probe of
three millimetre diameter may be used for point to point measurements. Alternatively,
the MANSCAN program may be used to scan surface profiles.

Figure 6.1

The

MANSCAN

Integration of CAD with the F.E.M., (Hsu & Sinha, 1992).

facility enables an operator to manually scan sections of the surface of

a physical entity, such as a cam or mould, by means of a suitably constructed probe.
The measurement process entails manually traversing a probe across the surface of the
airfoil, taking care to apply sufficient pressure to maintain the probe and surface in
constant contact. The Cartesian co-ordinates of a point in space are automatically
detected every two milli-seconds. These points are subsequently thinned before being
stored.

On each occasion that the computer controller samples and stores a data point, it
registers the co-ordinates of the centre point of the probe. This point is stored relative
to a set of Cartesian reference axes, each of which is parallel to a machine axis. The
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profile recorded is thus the path traversed by the centre of the probe and not the locus
of the points of contact between the probe and part, i.e. the surface profile. Each
individual data point must be offset by an amount equal to the radius of the probe
head and also by the length of the probe in the z-direction.

A Microsoft Excel spreadsheet is used to complete this task. The following
description in conjunction with Figure 6.2 explains how the data is manipulated.

Ml is the slope of the line-segment joining the first two sampled data points, labelled
respectively Point #1 and Point #2 in Figure 6.2. Point A is the actual point of contact
between probe and turbine blade, when the centre of the probe is at Point #1. The co
ordinates of Point A are detennined by drawing a line equal in length to the probe
radius from Point #1 and with slope M7, equal to the inverse of Ml. The location of
Point B, and subsequent points of contact is influenced by the position of the points
immediately preceding and following Point #2. Referring to Figure 6.2, it can be seen
that Point B is located hy using the inverse of the average values of slopes Ml and
M7. This process is repeated for all subsequent data points on the scanned surface.

Contact

Figure 6.2

Contact

Manipulation of data during Post-Processing

The airfoil profile is then reproduced by plotting a polyline through these sampled
points using some suitable software package such as Release 14 of Autodesk’s
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AutoCad draughting package. The Inter Graphics Exchange Standard file format,
(IGES), may be used to transfer this geometric data in primitive form from AutoCad
to the ANSYS/Multiphysics finite element software package. Each data point is
imported as an ANSYS keypoint and the airfoil outline subsequently defined in terms
of lines and areas and skinned to form appropriate volumes in the ANSYS pre
processor.

Figure 6.3

Sampled and post-processed data points.
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Structural Finite Element Analysis

The finite element method is a numerical method for solving a system of governing
equations over the domain of a continuous physical system, (Knight, 1994). In
problems of structural mechanics the design analyst seeks to determine the
distribution of stresses, or the stress field, throughout the structure to be designed.

The basis of the finite element method was outlined in Chapter Five in the context of
solving computational fluid mechanics algorithms. The finite element method is used
to solve a mathematical model, this model being the result of an idealisation of the
actual physical problem under consideration. The mathematical model is based upon a
series of assumptions regarding the geometry, material properties, loading, and
displacement boundary conditions of the physical problem. The equations governing
the solution of this model are in general partial differential equations, which are
subject to specific boundary conditions. These equations cannot be solved in closed
analytical form. Therefore, analysts resort to the finite element method to obtain a
numerical solution.

Virtually any geometrical shape may be satisfactorily modelled using an appropriate
finite element mesh. The shape of an object is in fact quite immaterial as far as the
analysis itself is concerned, although it may take more effort on the part of the user to
generate data for a geometrically complex component than for a simpler one. A gas
turbine blade is an example of a component whose complex shape precludes simple
accurate strength of materials analysis, but which can be meshed and analysed using
the finite element method.

Capable commercial finite element computer algorithms have recently become
available at quite modest cost. As a consequence, the use of finite element models
over a broad spectrum of design applications is now common, supplementing and
refining the traditional strength of materials calculations, which have dominated such
analysis in the past.
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Whether performed by hand, or on a computer, the analysis required to determine
stresses and deflections in a deformable body can be subdivided into several
categories. The simplest, and by far the most common form of solid structural finite
element analysis is the analysis of linearly elastic systems. In such an application, it is
assumed that a linear relationship exists between force and deflection and that all
deformation is recovered when the load is removed, (Astley, 1992). For many
engineering materials, the assumption of linearity implies also that the displacements
of the structure are small compared to its overall dimensions. A more complex finite
element problem is posed when the material of which the system is composed is
considered to be non-linear in behaviour, that is, when the force-displacement
relationship of the material itself is no longer linear.

The fundamental operation of the finite element method may be explained by the
analysis of a one-dimensional spring system such as that illustrated in Figure 6.4.

The spring consists of a single element, p, with nodes i and j. Displacements Uj and Uj
occur at these nodes. The element has a spring constant, k. Nodal forces are
experienced at each node when these displacements occur. If fjp is used to denote the
force acting at node i, due to the nodal displacement of element p, then the application
of simple equilibrium fonus the equations given in Figure 6.5. These can be written in
matrix form and then symbolically as;

m

={/}

Equation 6.1

Here, (k) is the element stiffness matrix, {d} is the element node displacement vector,
and {f} is the element node internal force vector.
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0

WWWt

^jp

One-D Spring Element

Simple equilibrium equations

fip=-kpUi +

Mj

fjp — kpUj - kpUj

Equations in Matrix form......

l"j

1-/4

Symbolic Representation
[K]{U} = {f}

Figure 6.4

Fundamental operation of the F.E. Method,
(The Displacement Method).

The set of system equations must now be solved. According to Knight, (1994), the
spring constant, k, of each element is known, the applied forces are known, and so the
nodal displacements become the unknown quantities. The nodal displacements may
be determined by premultiplying both sides of Equation 6.1 by the inverse of the
element stiffness matrix.

Physically, this means that the spring element illustrated in Figure 6.4 can be in
equilibrium at any location in the Cartesian x-direction, and is free to occupy an
infinite number of positions in this direction. This allows rigid body motion to occur.
In order that a unique solution be attainable, suitable boundary conditions must be
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applied. These may, for example, take the form of a fixed displaeement on any one of
the nodes which is sufficient to prevent rigid body motion.

This example of a simple one dimensional spring simply illustrates the fundamental
steps involved in the finite element method. The major differences between this
example and actual practice are that

•

nodes usually have more than one displacement component, or degree of
freedom, (DOF), and

•

a large number of equations must typically be solved.
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Finite
element
solution
of
mathematical
model

Figure 6.5

A typical finite element analysis, Bathe, (1996) and Knight, (1992).
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6.4

The Developed Finite Element Model

6.4.1

Model Generation

Two different techniques are commonly used for model generation : solid modelling
and direct generation. With solid modelling, the geometric boundaries of the model
are described, controls over the size and the desired shape of the finite elements are
established and the finite element software instructs a suitable algorithm to
automatically generate all the nodes and elements. By contrast, the direct generation
method requires that the location of every node and the size, shape, and connectivity
of every element be defined prior to these entities being created in the finite element
model.

6.4.1.1 Solid Modelling

The primary purpose of using a solid model is to relieve the analyst of the timeconsuming task of building a complicated finite element model by direct generation.
Keypoints are the lowest order solid model entities. Keypoints may be used to define
the higher order solid model entities, that is lines, areas and volumes, which comprise
a model. The use of this technique to construct a solid model is termed “bottom up”
building.

Most commercial finite element software packages include an ability to assemble a
model using a library of geometric primitives. These are fully defined lines, areas and
volumes. As the user creates a primitive, such as a sphere, the program automatically
creates all lower order entities associated with it. When appropriate, the solid model
can be sculpted from such primitives using intersections, subtractions and other
Boolean operations. Many facilities common to engineering draughting packages,
such as sweeping and rotating of entities, are also available for finite element model
geometry definition.
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Bottom up solid modelling was used to define the model geometry of the airfoil
portion of the JT8D third stage turbine blade. Topographical data obtained using a co
ordinate measuring machine was imported into the Ansys preprocessor via the
AutoCad draughting package to form keypoint entities. The lines illustrated in Figure
6.6 were generated by fitting splines through these keypoints. Figures 6.7 and 6.8
respectively illustrate a random selection of areas and volumes located approximately
at midspan of the airfoil.

AflSTS 5.3
JOK 23 1996
19:45:28
PLOT 10.
3

Lives
TYPE MOM
ACBL
0«EG

2V «=!
‘DIST^.017479
»XF -.001707
»YF —.001606
*Zr *.286808
Z-BCFFER

Figure 6.6

Solid Model Generation ; Lines (segment of turbine blade airfoil)

The areas comprising the curved suction and pressure faces of the airfoil together with
the leading and trailing edges generated by skinning a surface through specified guiding
lines. These lines act as a set of ribs over which an area entity is stretched. Two
opposite edges of the area are framed by the first and last guiding line specified. The
other two edges of the area are framed by spline-fit lines automatically generated
through the ends of all guiding lines. The interior of the area is shaped by the interior
guiding lines.

This process is analogous to the doped fabric covering used on the wing framework of
historic bi-plane aircraft, except that the fabric is not in this case stretched tightly
between ribs, but assumes a curve defined by the position of the interior ribs. Areas
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located at discrete radial positions and thus representing two-dimensional sections
through the airfoil are defined by judicious selection of four bounding lines. Volumes
such as those illustrated in Figure 6.8 are generated from these areas and subsequently
meshed using the p-type elements described in Section 6.4.2.2.

ANSYS 5.3
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Figure 6.7

Solid Model Generation : Areas (segment of turbine blade airfoil)

ANSYS 5.3
JUN 23 1990
19:42:19
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Figure 6.8

Solid Model Generation ; Volumes (segment of turbine blade airfoil)
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6.4.1.2Direct Generation

Direct generation is a modelling approach in which the nodes and elements
comprising a finite element model are defined directly. Direct generation requires that
the location of every node, together with the size, shape, and connectivity of each
element be specified prior to defining these entities in the finite element model.

A three dimensional AutoCad drawing of the blade root and shroud fixtures is created
by the author using topographical data obtained from the industrial partner, SIFCO
Ireland. Geometric data from this drawing is imported into the finite element software
in the form of simple line entities. The resulting line model is then integrated with the
solid model of the airfoil, and subsequently used to define the location of each finite
element node and the connectivity of the nodes within each element comprising the
root and shroud fixtures.

The use of direct generation to create the finite element mesh in this portion of the
turbine blade model has several advantages. It enables the analyst to maintain full
control over the shape of each finite element and also the number of individual finite
elements used to discretise each volume. Furthermore, this technique simplifies the
process of adjusting the position in space of the shroud for various amounts of blade
lean. It is possible to write an element file defining the nodal connectivity of the finite
element mesh in a correctly positioned shroud. A node file lists the Cartesian co
ordinates of each of these nodes. Microsoft Excel is used to manipulate the nodal co
ordinate entries in this file in accordance with the degree of blade lean being
modelled. This new node file is subsequently read, and the previous element file is
used to recreate the “old” finite elements in their “new” positions. The shroud is then
integrated in it’s new position with the root and an appropriately leaned airfoil model.
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6.4,2 Finite Elements

6.4.2.1 h-type Finite Elements

The finite element method subdivides a structure in the manner described by Knight,
(1994). Individual equations are formulated for each separate finite element. These
equations are then combined to obtain a solution for the entire system. One source of
error associated with this technique becomes apparent; the assumed solution within
the element is rarely the exact solution. The error is essentially the difference between
the assumed and the exact solution. The magnitude of this error is fundamentally
linked to the size of the finite elements. A sequence of models incorporating
successive mesh refinement is thus proper, since most element formulations converge
to the correct solution as the element size reduces. This process of mesh refinement is
referred to as h-convergence because h is a common symbol for step size in numerical
operations, and its reduction leads to solution convergence. The notion of convergence
is illustrated in Figure 6.9.

The symbol E is used to denote the exact (but unknown) stain energy of the
mathematical model. The symbol E,, is used to denote the strain energy corresponding
to the finite element solution of the mathematical model with a mesh of element size
h, (where the strain energy is defined as the energy which is stored within a material
when work has been dine on the material). Convergence of a solution implies that

lim|E-E;,| = o
/i->0

Figure 6.9 indicates that as the mesh is refined, (that is, the element size, h, is
decreased), the strain energy E,, approaches a value E. The rate at which the error
between E and E,, reduces depends upon the problem in question as well as on the
element and meshes used. Higher order elements reduce this error at a faster rate with
mesh refinement than comparable lower order elements.
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According to Bathe, (1998), a finite element solution will converge to the exact
solution of the mathematical model as h approaches zero for any (physically realistic)
material data, displacement boundaiy^ conditions, and loading applied; and for a
reasonable finite element mesh, a reasonable finite element solution will be obtained.

Figure 6.9

Plot of strain energy,

for finite element solution

as element size h is decreased, (Bathe, 1998).

6.4.2.2p-type Finite Elements

It is also possible to achieve numerical convergence by increasing the order of the
polynomial which describes the finite element shape function used to approximate the
real solution. This technique has become known as p-convergence and is the method
favoured by the author to analyse a finite element model of a gas turbine engine blade.

A typical p-analysis proceeds in the following manner. A finite element mesh is
solved at a given p-level, the p-level is increased selectively and the mesh is solved
again. For example, an analysis may be solved with an initial global p-level of two. At
the end of the first solution iteration, every element solution is checked against
established convergence criteria. If the solution for any element is within the
requested tolerance, that element will has if s p-level fixed at a p-level of two. Those
elements which have not converged within the specified criteria during the first
iteration, have their p-level incremented by one, and another solution (or iteration) is
then perfonned. At the end of each iteration the convergence criteria is checked, and
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if converged, the solution temiinates. This process is continued until all elements in
the model have converged within specified convergence criteria, or the maximum prange had been reached. Typically, the higher the p-level, the better is the finite
element approximation to the real solution.

Global stain energy is a typically specified convergence criteria. If the change in the
strain energy of an element between successive p-loops is less than a specified
tolerance value, then the p-level of that element is fixed at the current level. The
author has used a two point five percent convergence criteria although the ANSYS
users manual suggests that the default convergence criteria of five percent is generally
sufficient for most analyses.

The p-type structural element available in the Ansys element library is of the twenty
noded brick variety supporting a maximum polynomial level of eight. Figure 6.10
illustrates this structural element’s two forms.

o, p, w

A. B

K, L,

Figure 6.10

s

Brick and prism options for 3-D structural solid p-type finite elements.

Due to the fact that stresses tend to concentrate at abrupt discontinuities or changes in
geometry such as tight radii, holes etc., it is necessary to pay particular attention to the
construction of the finite element mesh at curved geometries. P-type elements have
several features which lend themselves particularly well to the solution of
geometrically complex finite element models. These features are briefly discussed in
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the following paragraphs, where particular reference is made to meshing a turbine
blade model.
•

It may be difficult to minimise the number of finite elements required to

accurately mesh the leading and trailing edges of a turbine blade airfoil. This problem
arises due to the tightly curved nature of the geometry. The use of p-type elements
with high p-levels (typically p = 3) is favoured in this application as p-type elements
are more capable of accurately following the curvature of the problem boundary than
similar h-type finite elements.

•

According to the ANSYS user’s manual a finite element mesh generated using

h-elements should be made sufficiently dense so that no single element spans more
than fifteen degrees of arc per element edge. The same problem geometry may be
discretised using p-type finite elements such that a curved element edge does not
cover more than forty degrees of arc.

•

The local p-level can be controlled in regions of little importance, such as the

centre portion of the turbine blade airfoil, where curvature is far less pronounced than
the leading or trailing edges. Escalation of element polynomial levels increases the
load on computer resources in tenns of CPU time. Thus, local p-level controls can
minimise the time required to solve a model on a digital computer.

•

A prismatic shaped element may be formed by duplicate definition of several

element nodes. Figure 6.10 illustrates this geometric option. This option is utilised to
mesh the fillet which joins the root and shroud fixtures to the airfoil portion of the
turbine blade with p-type elements. An h-type mesh in this area requires substantially
more elements to accurately represent the curvature fillet geometry. Nodal
connectivity requirements also require a matching pattern of elements in the adjoining
blade and root/shroud fixtures. The use of p-type elements in this area alone
minimises the finite element model complexity in terms of node and element numbers
for no loss of model accuracy.
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Figure 6.11

The 3rd stage Pratt & Whitney turbine blade illustrating, inset,
areas of high geometric curvature at L.E., T.E., and fillet.

The geometry of the airfoil portion of the T3 blade, together with the fillets at the hub
and tip radii are represented in solid model form. The root and shroud fixtures are
modelled in a simplified geometric form for the purpose of restraining the model in
space in a manner as near as possible to the restraints experienced in operation. For
example, the fir-tree mounting system used at the blade root firmly restrains the blade
from moving in all three co-ordinate directions, as in real gas turbine practice.
Conversely the shroud fixture is free to expand in the radial direction. In reality the
blade is damped by adjacent blades in the axial and tangential directions at the shroud.
Software limitations have necessitated that the shroud be held firmly in the axial and
tangential directions.
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Turbine Blade Material Properties

6.5.1 Introduction

The aero gas turbine engine has undergone radical improvements in design and
performance, well beyond the original expectations of the pioneers in the field. For
example, Whittle’s earliest fighter engines weighed about 1000 lb and produced
between 1600 and 200 lb of thrust, a thrust to weight ratio of about 2:1. By contrast, a
modem military engine such as the RBI99 weighs 2300 lb yet can produce over
16000 lb. of thrust, a thmst to weight ratio of almost 7:1. According to Weaver,
(1987), all aspects of engine technology have made significant advances during the
preceding half century, but none has contributed more to the improvement in engine
perfonnance than the continued development of the materials used in its construction.

The range of materials, temperatures and duties encountered throughout a gas turbine
engine mean that many physical and mechanical property parameters are important in
one or other part of the engine. Density; thermal conductivity; thermal expansion;
melting point; elastic modulii; tensile , creep and fatigue strengths; fracture and
impact toughness are just some of the various specifications which may be included in
a material specification.

According to Weaver, (1987), a prime requirement for any turbine blade material must
be the ability to survive high temperatures, that is, it must have a high melting point
and preferably some degree of inherent oxidation and corrosion resistance. In addition
to these major physical and chemical requirements, blade materials must possess high
creep strength at high temperatures as well as excellent tensile and fatigue strengths at
the lower temperatures appropriate to the root fixing. Blades are also subject to
ballistic impact damage during use and must possess sufficient impact resistance to
ensure that damage to one blade does not induce damage in neighbouring blades.
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6.5.2 Properties of Inconel 713C

The Inconel 713C alloy, from which the Pratt & Whitney third stage turbine blade is
cast, is a member of a family of alloys commonly referred to as polycrystaline cast
superalloys. Superalloys are a group of nickel-, iron-nickel-, and cobalt-base materials
exhibiting outstanding strength and surface stability at temperatures up to 85% of their
melting points (0.85 T^j). Superalloys were initially developed for use in aircraft
piston engine turbosuperchargers. The development of superalloys over the past fifty
years has been influenced primarily by the demands of advancing gas turbine engine
technology. Figure 6.12 details this progression in high temperature superalloy
capabilities since the 1940s.

Year

Figure 6.12

Progress in high temperature capabilities of superalloys / advances in
turbine blade materials and processes. (Metals Handbook, Vol. 1)

The first development work of nickel-base alloys was undertaken by Sir Frank Whittle
during the design of his first turbojet engine, the Power Jets W.l. This work led to the
Nimonic 75 and 80 wrought nickel based alloys. During this period, research by
United States based engine manufacturers centred upon wrought materials
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which could meet the demand for higher engine operating temperatures. Forgeability
problems at the time led to a resurgance in the use of casting as a manufacturing
technique. A shortage of cobalt, caused by the Korean War, resulted in further
research on nickel-base alloys. Experiments with varying the chromium, cobalt and
molybdenum content of vacuum melted and vacuum refined cast nickel alloys showed
the good performance of the 10% Chromium, 10% Cobalt and 4% Molybdenum alloy.
Athough this alloy was not adopted for production engines, it proved that nickel-base
alloys were capable of operating at high temperatures, whilst retaining user-friendly
characteristics such as castability, impact resistance and corrosion resistance.

By the late 1950s, when Inconel 713C was conceived, the development of cast nickelbase alloys had far outpaced cobalt-base development work, primarily because of their
superior strength potential. The development of new polycrystaline superalloys has
continued through the 1970s. Attention has concentrated instead on process
development, with specific interest directed toward grain orientation and directionalsolidification (DS), and single crystal (SC) turbine blade and vane casting technology
in the 1970s and 1980s respectively.

Carbon

0.12%

Molybdenum

4.2 %

Titanium

0.8 %

Nickel

74%

Aluminium

6%

Zirconium

0.1 %

Chromium

12.5%

Boron

0.012 %

Niobium

rest

Table 6.1

Composition of heat-resistant. Nickel based casting alloy
Inconel 713C, (INCO Alloys.International Ltd.).

Figures 6.13 to 6.16 present selected temperature dependant mechanical and physical
properties of the Inconel 713C Nickel based casting alloy.
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Then Cond., W/mK

Mean Coefficient of
Thermal Expansion,
x10-6 / deg. C

Temperature, (Kelvin)

Figure 6.13

Physical properties of cast nickel-base Inconel 713C,
(Inco

Alloys International Ltd.).

Spec. Heat, J/KgK
Dynamic Modulus of
Elasticity, GN/m2

Figure 6.14

Physical and mechanical properties of cast nickel-base Inconel 713C,
(iNCO

Alloys International Ltd.).
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.Yield Strength, MN/nn2
. Ultimate Tensile Strength,
MN/m2

Temperature, (Kelvin)

Figure 6.15

Mechanical properties of cast nickel-base Inconel 713C,
(INCO

Alloys International Ltd.).

Tensile Elongation, %

Tensile
Elongation, %

Temperature, (Kelvin)

Figure 6.16

Mechanical properties of cast nickel-base Inconel 713C,
(Inco

Alloys International Ltd.).
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6.6

The Developed Structural Model

Conclusion

This chapter discussed in detail the construction of a finite element model of a gas
turbine engine rotor blade. The work encompassed a description of the model
geometry definition together with the subsequent meshing of the resulting model with
p-type finite elements. Two methods of finite element discretisation, namely solid
modelling and direct generation are described. The relative merits of p-type versus htype finite elements were also discussed with particular reference to the construction
of the finite element mesh at the curved boundaries which occur at the leading and
trailing edge of a turbine blade airfoil. A historical perspective of the development of
liigh temperature turbine blade materials was presented. Chapter Six concluded with a
presentation of the composition and temperature dependant material properties of the
Inconel 713C Nickel superalloy.
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7.1

Introduction

This Chapter presents the results from a thermal and structural finite element analysis
of the third stage turbine blade of the Pratt & Whitney JT8D-15A gas turbine engine.
Thermal and inertial loads equivalent to an engine speed on 7500

RPM

were simulated

by this analysis.

Chapter Three of this report discussed in detail the main structural loads imposed
upon the rotor blade of a typical gas turbine engine. It was shown that a decrease in
the kinetic energy of a fluid flow produces a corresponding rise in the fluid
temperature and a consequent heat interaction between the fluid and any solid surfaces
in contact with the fluid. Chapter Seven begins by presenting thermal results in the
fonn of finite element nodal temperatures. These nodes are located at discrete radial
positions along the fluid - blade interface. This thermal data was obtained from a set
of blade-to-blade computational fluid dynamics analyses which determined the
temperature of the blade surface at the blade/ fluid interface.

Chapter Seven also presents the structural results data obtained from variously leaned
and bowed versions of a finite element model of a geometrically correct T3 rotor
blade. Section 7.3 presents these structural results in comparative, graphical form. The
total stress at various locations along the span of the geometrically correct rotor blade
airfoil are compared in graphical form to the stresses at similar locations on leaned
and bowed versions of this blade models. The aim of this analysis is to determine if
blade bowing, or blade lean, will raise the stresses in the airfoil by an order of
magnitude which will cause the part to fail at a specified engine speed. A suitable
theory of elastic failure has been chosen and the structural stresses in each blade
model are compared using this failure criterion.
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7.2

Thermal Flow Results

7.2.1

Specification of Nodal Results

The component parts of a turbine are subjected to extremely high temperatures in the
modem gas turbine engine. These high temperatures are achievable due to advances in
metallurgy and improvements to the cooling of turbine components. The air used to
cool the turbine is bled from the compressor. In the JT8D, the first-stage guide vanes
are exposed to the highest turbine temperatures. The first-stage, Tl, rotor blades are
exposed to a somewhat lower temperature because of circumferential averaging,
dilution of turbine gases with first- stage stator cooling air, and relative velocity
effects. The second, T2, stator blades are exposed to a lower temperature because of
additional cooling air dilution and power extraction from the turbine gases. The
turbine temperature decreases in a similar manner through each of the subsequent two
turbine stages.

Figure 7.3 and Figures D.2 through to D.8 illustrate the total temperature distribution
at finite element nodes located at arbitrary radial positions on the surface of the third
stage, T3, JT8D rotor blade. The location of these nodes is expressed in terms of;

•

their radial position, r and,

•

as a fraction, x, of the total wetted perimeter, S, of the blade cross-section at
that radius.

The stagnation point on the blade leading edge, L.E., is arbitrarily chosen as x/S equal
to zero. The trailing edge, T.E., is located at a value of x/S slightly less than 0.5. It is
standard airfoil practice that the length of the wetted perimeter from the L.E. of the
airfoil to the T.E., over the suction surface, is greater than the corresponding wetted
perimeter over the pressure surface of the airfoil section. Flow continuity around the
airfoil section yields a higher local flow velocity over the suction face and
consequently a pressure drop on the suction face relative to the pressure face. This
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pressure differential produces the net lift force on the airfoil. Figure 7.1 illustrates this
method of node specification.

7.1A

7.1B

Figure 7.1

Boundary of C.F.D. problem domain, A, and definition of
nodal locations on the corresponding blade profile, B.

Section 6.2.3 of this report has previously described the method by which a manual
co-ordinate measuring machine (C.M.M.) was used to scan the profile of the T3
airfoil. Eighteen separate profiles were scanned using the C.M.M. machine. These
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were located relative to a datum point in the root fixture of the blade. This datum
point is located at exactly 0.196217 mm from the engine centreline. The radial
sections used to present finite element results data are labelled Sections 1 through to
Section 8, Section 1 being located near the blade shroud, Section 1 near the hub.
Thus ;

Section 8 :

Datum + 0.02m

=

0.216217m from engine C/L

Section 7 :

Datum + 0.04m

=

0.236217m from engine C/L

Section 6 :

Datum + 0.06m

=

0.256217m from engine C/L

Section 5 :

Datum + 0.08m

=

0.276217m from engine C/L

Section 4 :

Datum + 0.10m

Section 3 :

Datum + 0.12m

=

0.316217m from engine C/L

Section 2 :

Datum + 0.14m

=

0.336217m from engine C/L

Section 1 :

Datum + 0.16m

=

0.356217m from engine C/L

0.296217m from engine C/L

7.2.2 Airfoil Temperature Distribution

Both the static temperature and static pressure vary appreciably around an airfoil. It
was shown in Chapter Three that a decrease in the kinetic energy of a fluid flow will
result in a corresponding rise in the flow temperature and a consequent heat
interaction between the fluid flow and any solid surface which is in contact with the
fluid. In accordance with blade-to-blade analysis practice, a no-slip criterion was
enforced in the flow boundary layer where the solid metal surface of the turbine blade
meets the fluid flow. Thus the flow velocity reduces to zero, any dynamic
contributions to the total flow pressure and temperature are removed. Consequently
the static and total temperatures become equal at the interface between the blade
surface and the fluid flow.

Figure 7.3 illustrates the variation of the total temperature, ttot, against fractional
wetted perimeter, x/S. It is apparent that the temperature increases steadily from the
blade leading edge along the concave pressure surface to the trailing edge. This
corresponds with the condition of high static pressure and low flow velocity in the

128

Chapter Seven

Finite Element Model Results and Analysis

body of fluid immediately adjacent to the pressure face of the airfoil. The local
velocity and pressure distribution on a typical turbine cascade airfoil is illustrated in
Figure 7.2.

A

Figure 7.2

B

A, pressure distribution on a turbine cascade airfoil, (Mattingly, 1996),
B, typical local velocity distribution around turbine rotor airfoil, (Harman,
1981).

A notable increase in the blade surface temperature is apparent in Figure 7.3 at the
turbine blade trailing edge where the wetted perimeter of the section is long and the
profile slender. This geometry ensures that a small and isolated quantity of blade
material is exposed, over a relatively large perimeter, to the hot exhaust gases.

According to Eltis and Wilde, (1974), experimental measurements suggest that the
rate of heat transfer to the concave suction surface may be almost twice as great as for
the convex pressure surface of a typical turbine blade airfoil. The temperature profile
of Figure 7.3, where the average temperature of the suction face can be seen to be
considerably greater than the pressure face, is in accordance with these findings.
Furthermore, the maximum surface temperature of the blade section illustrated in
Figure 7.3 occurs on the suction face at a position immediately forward of the trailing
edge. This is in accordance with typical temperature distributions illustrated in both
Hannan, (1981), and Cohen et. al., (1972). In addition, Bahree et. al., (1989), have
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published temperature contours for radial sections of a typical turbine blade airfoil
which also indicate that the average temperature of the suction face is considerably
greater than that of the pressure face.

Section 1 - Nodal Total Temperature

TTOT

1.00

Figure 7.3

Temperature Distribution - Section 1

Eltis and Wilde, (1974), make reference to experimental data which indicates that the
rate at which heat is transferred to a turbine blade profile is strongly affected in
regions where the flow transitions from laminar to turbulent. Harman, (1981), also
states that the rate of heat transfer into the metallic surface of the blade increases
where the flow becomes more turbulent. Figures 7.4 and 7.5 are vector plots from the
postprocessor of the ANSYS/Flotran computational fluid dynamics software package
which represent the flow in the area of the turbine blade trailing edge. These plots
correspond to Figure 7.3 which illustrates the nodal temperature around a profile
located at the same radial position; Section 1. A localised area of recirculation may be
clearly seen in these vector plots, biased towards the pressure face of the trailing edge.
Figure 7.3 illustrates a localised thermal maximum at the location corresponding to
this area of recirculation. Harman, (1981), states that hot gases are continually fed into
the boundary layer where vortex flows exist in regions of flow separation. These
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vortex flows locally increase the rate of heat transfer into the blade and increase the
blade surface temperature.

L.E.

P
r
e
s
s
Ll
r
e

f
a
c
e

x/S
0.000
0.002
0.004
0.009
0.014
0.021
0.029
0.038
0.067
0.096
0.124
0.153
0.180
0.207
0.234
0.260
0.286
0.311
0.336
0.361
0.385

TTOT, (Kelvin)

1078.8
1067.7
1067.4
1068.5
1068.8
1068.8
1068.6
1068.4
1068.3
1068.2
1068.2
1068.5
1069.3
1070.2
1071.22
1072.32
1073.2
1074.14
1075.1
1076.16
1077.35
Table 7.1

T.E.

x/S
0.407
0.434
0.407
0.434
0.458
0.467
0.473
0.477
0.480
0.483
0.485
0.487
0.489
0.491
0.492
0.495
0.499
0.505
0.513
0.538
0.563

TTOT, (Kelvin)

1078.78
1080.6
1078.78
1080.6
1081.5
1082.8
1084.8
1087
1089.5
1082.6
1082.5
1082.2
1082.2
1085.6
1089.2
1089.2
1089.1
1089
1088.9
1089.5
1090.5

s
u
c
t
i

0
n

f
a
c
e

L.E.

x/S
0.589
0.614
0.640
0.666
0.693
0.720
0.742
0.776
0.810
0.836
0.867
0.898
0.930
0.962
0.971
0.979
0.985
0.991
0.995
0.998
1.000

TTOT, (Kelvin)

1091.34
1092.14
1092.95
1093.4
1092.1
1090.64
1089.2
1086
1081.6
1079
1075.8
1073.6
1071.7
1070.3
1069.8
1069.3
1068.7
1068.1
1067.2
1068
1078.8

Thermal data corresponding to Figure 7.4

Harman, (1981), and Cohen et. al, (1972), both indicate that the blade temperature
decreases forward of the trailing edge, and increases locally at the leading edge.
Figure 7.3, and Figures D.2 through to D.8 illustrate the temperature distribution at
eight radial sections through the T3 turbine blade airfoil. It may be seen that an area
encompassing approximately twenty degrees of arc near the stagnation point of each
blade profile, where the curvature of the leading edge is pronounced, exhibits the
effects of aerodynamic heating in the form of a localised thermal maximum.
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Figure 7.6 is a plot from the postprocessor module of the ANSYS/Miiltiphsyics finite
element analysis software package. It represents the temperature of the suction face of
the JT8D T3 rotor blade. The elements composing the shroud fixture have been
removed for viewing purposes. A distinct radial temperature gradient is visible along
the span of the blade. This spanwise temperature distribution is in accordance with the
temperature distributions published in Cohen et. al., (1972), for convective cooled
turbine blades. The literature does not contain data on the spanwise temperature
distribution for solid, uncooled, high hub to tip ratio turbine blades.

It has been shown previously that the maximum surface temperature occurs at a point
located on the suction surface of the blade, immediately forw'ard of the trailing edge,
for Section 1, which is located near the shroud radius. Examination of Figures 7.6 and
7.7 shows that the point at which the maximum surface temperature occurs moves
towards the rear of the airfoil as the radial section under consideration moves towards
the hub. This trend is more clearly illustrated by the temperature distributions of
Figures D.l, to D.8. This phenomenon is a eonsequence of the spanwise twist present
in the blade where the incidence angle, measured relative to the axial direction,
increases from hub to tip. Figure 2.11 A, reproduced hereafter indicates the
relationship between profile loss coefficient and incidence angle, whilst Figure 2.1 IB
graphically illustrates the effect on boundary layer separation and flow turbulence of
increasing the blade incidence angle. Flow separation is most thus likely to occur at
the large incidence angles encountered near the shroud. It has been previously stated
that where flow separation occurs, hot gases are continually fed into the boundary
layer. This causes a local increase in the rate of heat transfer into the blade and a
consequent increase in the blade surface temperature, (Harman, 1981).
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Increasing
Angle
t
of
Incidence

Figure 2.11

(A) Plot of profile loss coefficient versus incidence angle, Logan, (1981),
and (B), flow separation of an airfoil due to increasing incidence angle,
Douglas et. al.,(1985).

This flow characteristic was previously used to explain the temperature increase in the
area of recirculation which is located at, and immediately ahead of the blade trailing
edge on the pressure side. It is most likely that an inerease in the degree of flow
turbulence with radius (and incidence angle) is also responsible for the radial increase
in blade temperature on the rear of the surface face.
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Surface temperature, (Kelvin), distribution on suetion faee of T3 rotor airfoil
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Surface temperature, (Kelvin), distribution on pressure face of T3 rotor airfoil
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Structural Results

7.3.1 The Von Mises Theory of Elastic Failure

When dealing with the design of engineering eomponents, the physical properties of
the constituent materials are usually established from the results of laboratory
experiments. These experiments subject the materials to only the simplest of stress
conditions. The simple tensile test is the most usual test in which the value of the
stress at yield, or at fracture, is determined. The strength of materials which are
subject to complex stress systems is not generally known except in a few particular
cases. It is these complicated systems of stress which are most often encountered in
practice. It is therefore necessary to have some basis for determining allowable
working stresses so that failure does not occur. The function of an elastic failure
theory is to predict from the behaviour of a material in a simple tensile test when
elastic failure will occur under any condition of applied stress, (Hearn, 1985).

Energy is normally defined as the capacity to do work. Energy may exist in many
forms; mechanical, chemical, thermal, etc. According to Hearn, (1985), strain energy
is a particular fonn of potential energy which is stored within materials which have
been subjected to strain, i.e. a change in dimension. Strain energy is therefore defined
as;
“ ... the energy which is stored within a material when work has been done on
the material...”.

It is assumed that the material remains elastic whilst work is done on it, so that all the
energy is recoverable and no permanent deformation occurs due to yielding of the
material.

The strain energy of a stressed component can be divided into volumetric strain
energy and shear strain energy components, the former being associated with
volumetric changes with no geometric distortion; the latter producing distortion of the
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stressed elements. The distortion energy theory of elastic failure states that failure
occurs when the maximum shear strain energy component in the complex stress
system is equal to the yield point in the tensile test, i.e.

(CT)

+(c^2 -<^3^ +(^3-^1)^

Equation 7.1

According to Hearn, (1985), this theory has received considerable verification in
practice and is widely regarded as the most reliable design criteria, particularly when
dealing with ductile materials. This theory is occasionally referred to as the Von
Mises failure criterion. The author considers the Von Mises failure criterion to be the
most appropriate criterion for use with Nickel base alloys.

The ANSYS/Multiphsyics analysis software includes an option to list the equivalent
stresses, (output label SEQV), determined using the Solid147, twenty node, p-type
structural finite element. I'he equivalent stress, a^, is determined using the expression;

]^((cri -cr2)^ +(a-2 -cr3)^ +(0-3

Equation 7.2

Equation 7.2 indicates that the equivalent stress, a^, is the Von Mises stress which, at
failure, is equal in magnitude to the yield stress, cjy of the test material.

7.3.2

Saint-Venant’s Principle

It was stated in Chapter Six that the root and shroud fixtures of the T3 rotor blade are
modelled in simplified geometric form. The purpose of creating a virtual model of the
rotor blade root fixture is to enable the airfoil portion of the blade to be restrained in
the virtual model as it would be restrained in an operational turbine. Figure 7.8 depicts
the terminology used to refer to assorted turbine blade features.
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Straight shroud

interlocking shroud

Figure 7.8

Turbine blade features, (Harman, 1981).

Figure 7.9A illustrates the fir-tree mounting system. This system is used at the blade
root to restrain the blade from moving in all three co-ordinate directions, as in real gas
turbine practice. Instead of modelling the complex fir-tree system at the base of the
root fixture, the virtual model was restrained by restricting the displacement of surface
nodes located on the platform surfaces highlighted in Figure 7.9C. This approach
prevents axial, tangential and radial displacement at these nodal locations.

The aim of this project is to determine whether airfoil bowing, or lean, will raise the
stresses in the airfoil portion of the T3 rotor blade by an order of magnitude which
will cause the part to fail at a power setting equivalent to 7500 rpm. This has been
approached by quantifying the stresses developed in the airfoil due to varying degrees
of turbine blade bow, and varying degrees of turbine blade lean. It is not the aim of
this project to determine the stress levels outside of the airfoil, as the computer
resources required to construct an accurate finite element model of a turbine the
airfoil, root fixture and shroud fixture are prohibitively large. The simplification of the
root and shroud fixtures must, therefore, be considered from the point of view of their
influence on the distribution of stresses within that portion of the blade which is of
particular interest to this project, i.e. the airfoil.
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T3 Root Fixture Geometry (encorporating fir tree plus platform)

Simplified T3 Root
Fixture Geometry

Outline Geometry of T3 Root
Fixture Platform F.R. Model

Figure 7.9

Simplified model of the rotor blade root fixture

The general problem of stress concentration was studied by Saint Venant who stated
that;
“ ...if the forces acting on a small area of a body are replaced by a statically
equivalent system of forces acting on the same area, there will be considerable
changes in the local stress distribution but the effect at distances large compared with
the area on which the forces act will be negligible”, (Hearn, 1985).

Saint Venant’s Principle states that the effect of a force which acts upon a small
portion of a body, in terms of the stress distribution surrounding that portion of the
body, is negligible at distances which are large compared with the size of the area on
which the forces act. This theory effectively indicates that the stress distribution
within the airfoil portion of a turbine blade model which includes simplified root and
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shroud fixtures will be representative of the stress distribution within the airfoil
portion of a similar, but more complex model incorporating more detailed root and
shroud geometry.

Figures 7.10 to 7.16 represent the stress distribution at seven arbitrary radial positions
along the airfoil portion of the blade. These plots begin at a radial distance near the
airfoil hub and end at a distance short of the tip. By ignoring a short portion of the
airfoil near the hub and the tip, it is anticipated that any influence on the stress
distribution arising from geometric simplifications to the virtual model root and
shroud fixtures will be minimal The nodal temperature data obtained from the CFD
analysis was plotted at nine radial positions along the airfoil portion of the blade.

7.3.3

Finite Element Model Structural Results

It has been stated previously that the aim of this project is to quantify the stresses
developed in the airfoil portion of the JT8D gas turbine engine third stage turbine
blade due to varying degrees of blade bow and varying degrees of turbine blade lean.

The 1st and 3rd Principal Stresses together with the Von Mises, or Equivalent, stress
are presented to illustrate a discussion of the predicted stress distribution within a
geometrically correct airfoil under loading conditions which correspond to a steady
engine speed of 7500

rpm.

These stresses are plotted against fractional wetted

perimeter at specific radial sections along the span of the blade.

A complete set of graphs is then presented to compare the equivalent stresses
developed in variously leaned and bowed models of this turbine blade. Where
necessary reference is made to Appendix E which contains a complete record of finite
element model results in the form of plots of the equivalent, the first and the third
principal stresses, developed in each third stage turbine blade finite element model.
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F. E. Model Structural Results for Geometrically Correct Blade

It has been shown in Chapter Three, that the largest, but not necessarily the

most important source of stress in a rotating turbine blade, is the centrifugal stress.
The centrifugal stress in a turbine rotor airfoil may be evaluated by considering the
force acting upon a section of thickness dr, located at an arbitrary radius, r. The
material at this arbitrary section must carry the centrifugal loads imposed by the
material located radially beyond it. The total centrifugal force, F^., acting upon the hub
area, A,„ is given by Mattingly, (1996), as;

P'c = \p^^A,^rdr

Equation 3.1

Thus the maximum principal tensile stress, a,, for a straight blade is given by;

cr.

\—rdr

= —^

A

^

J Ar

Equation 3.2

2.

It is apparent from Equations 3.1 and 3.2 that the hub section of the airfoil, A,„

will experience the greatest centrifugal loading. Figure 7.10 plots the first principal
stress against the fractional wetted perimeter, for each of seven radial sections located
along the span of a geometrically correct airfoil blade. This plot indicates that the
magnitude of the principal tensile stress, a,, is highest in the proximity of the leading
edge of the airfoil hub section, where it briefly rises to a maximum value of
approximately 210 MPa on both the suction and pressure faces. The material at the
leading edge of the hub section is subject to the highest tensile loading. This is in
accordance with Cohen et. al, (1972), who states that the maximum value of the
centrifugal tensile stress usually occurs at the leading edge of the airfoil hub section.
Furthermore, the magnitude of the principal tensile stress, a,.
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decreases significantly with increasing radius on the suction face of the airfoil.
Conversely, the first principal stress remains elevated on the pressure face over a
significantly greater portion of the span of the airfoil. Thus, the pressure face of the
airfoil may be seen to be subject to a higher tensile stress than corresponding chordal
locations on the suction face.

3.

The fractional wetted perimeter, x/S, is approximately equal to 0.5 at the

airfoil trailing edge, (T.E.). Figure 7.10 indicates that the tensile principal stress level
increases with radius in the immediate locality of the airfoil trailing edge. The
magnitude of a, is marginally, higher on the pressure face of the trailing edge than at
the corresponding chordal location on the suction face. This suggests that a bending
moment about the axial direction, towards the pressure face is present.

4.

Figure 7.10 represents the suction and pressure faces of the airfoil leading

edge, (L.E.), at values of x/S equal to one and zero respectively. It is evident from this
plot that the magnitude of the maximum principal stress, a,, reaches a local maximum
at the leading edge of the airfoil hub and subsequently decreases along the leading
edge until it reaches a local minimum at the tip of the airfoil. This trend of decreasing
a, with increasing radius is evident on both faces of the airfoil leading edge.

5.

Figure 7.11 plots the third principal stress against the fractional wetted

perimeter, for a geometrically correct blade. Figure 7.11 represents a plot of the
minimum principal stress, or alternatively, the maximum compressive principal stress.
Figure 7.11 indicates that the pressure face of the airfoil is subject to a tensile stress
whose magnitude increases marginally with radius. The suction face of the airfoil is
subject to a compressive stress which increases significantly with radius. These curves
suggest that the blade is subject to a bending moment, about the axial direction,
towards the pressure face.
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According to Cohen, et. al., (1972), a typical turbine blade will be subject to a
bending moment about the axial direction. Cohen, et. al., (1972) further states that the
blade will exhibit a relatively high tensile stress in the leading and trailing edges of
the airfoil, together with a highly compressive stress in the suction face of the airfoil.
The plot of the maximum tensile principal stress a, against wetted perimeter in Figure
7.10 confirms this stress distribution. Similarly, the plot of maximum compressive
stress,

verifies that the suction face of the airfoil is subject to an elevated

compressive stress when compared to the pressure face.

6.

Appendix C illustrates how the geometry of the T3 airfoil varies with radius.

The blade cross-section may be seen to change from a slender profile, with a large
incidence angle at the tip, to a more robust profile, with a very low incidence angle at
the airfoil hub. Several trends in the distribution of a, described in previous
paragraphs may be attributed to the increasing deviation of the principal axis of each
blade section from the axial direction, with increasing radius. Whilst the principal axis
of the airfoil is orientated such that the airfoil leading edge is located radially above
the engine centreline at the hub, (Section 7), it is tangentially displaced by as much as
eight millimetres at the airfoil tip, (Section 2). This displacement, according to Cohen
et. al. (1972), introduces a slight centrifugal bending stress. This bending stress will
manifest itself as an elevated tensile principal stress level along the leading edge of
the airfoil. The centrifugal nature of this bending moment ensures that the tensile
principal stress will decrease towards the tip of the airfoil.

Figure 7.10 indicates that the slopes of each graph representing a, decreases rapidly
immediately aft of the airfoil leading edge. This trend is particularly evident aft of the
leading edge on the suction face. The variation in the slopes of the a, curves aft of the
leading edge is attributable to the difference in the radius of curvature of the airfoil at
the leading edge of each section. This curvature is evident in the plots of Appendix C.

7.

The maximum tensile principal stress also evidences a local maximum at the

trailing edge, at each radial section. The magnitude of a, increases along the airfoil
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from hub to tip. Each of the trends illustrated previously indicate the presence of a
bending moments acting about the axial direction.

According to Cohen et. al. (1972), a bending moment about the axial direction results
from the change in angular momentum of the exhaust gas flow in the tangential
direction. This change creates a net pressure drop across the airfoil, which in turn is
responsible for the torque whieh rotates the turbine stage.

x/S

ux
axial (m)

UY
whirl (m)

x/S

UX
axial (ni)

UY
whirl (m)

x/S

UX
axial (m)

UY
whirl (m)

0.000 -2.6346E-04 -2.2788E-04 0.144 -1.3514E-04 -2.2024E-04 0.516

1.4184E-04 -3.1263E-04

0.002 -2.6215E-04 -2.3079E-04 0.170 -1.1092E-04 -2.2109E-04 0.540

1.2409E-04 -2.9125E-04

0.005 -2.6005E-04 -2.3307E-04 0.196 -8.6779E-05 -2.2338E-04 0.565 1.0578E-04
0.009 -2.5637E-04 -2.3492E-04 0.221 -6.2888E-05 -2.2781E-04 0.590 8.6694E-05
0.015 -2.5146E-04 -2.351 lE-04 0.247 -3.9325E-05 -2.3377E-04 0.615 6.6580E-05
0.021 -2.4569E-04 -2.3394E-04 0.272 -1.6088E-05 -2.4092E-04 0.640 4.5302E-05
0.029 -2.3887E-04 -2.3238E-04 0.297 6.6106E-06 -2.4959E-04 0.666
0.038 -2.3073E-04 -2.3061E-04 0.315 2.3155E-05 -2.572 lE-04 0.693
0.064 -2.0717E-04 -2.2582E-04 0.339 4.5015E-05 -2.6779E-04 0.720
0.091 -1.8339E-04 -2.2220E-04 0.363 6.6222E-05 -2.7965E-04 0.748
0.117 -1.5932E-04 -2.2040E-04 0.387 8.6650E-05 -2.9275E-04 0.777
0.144 -1.3514E-04 -2.2024E-04 0.410 1.0646E-04 -3.0675E-04 0.807

-2.7020E-04
-2.4974E-04
-2.3017E-04
-2.1166E-04

2.3168E-05 -1.9406E-04
-5.403 lE-07 -1.7866E-04
-2.5917E-05 -1.6602E-04
-5.2461E-05 -1.5627E-04
-8.001 lE-05 -1.4980E-04
-1.0801E-04 -1.4668E-04

0.170 -1.1092E-04 -2.2109E-04 0.434
0.196 -8.6779E-05 -2.2338E-04 0.448
0.221 -6.2888E-05 -2.2781E-04 0.458

1.2584E-04 -3.2126E-04 0.837 -1.3609E-04 -1.4852E-04

0.000 -2.6346E-04 -2.2788E-04 0.465

1.5139E-04 -3.4249E-04 0.926 -2.1393E-04 -1.7707E-04

0.002 -2.6215E-04 -2.3079E-04 0.470

1.5547E-04 -3.4591 E-04 0.955 -2.3588E-04 -1.9382E-04

0.005 -2.6005E-04 -2.3307E-04 0.474

1.5875E-04 -3.4770E-04 0.966 -2.4391 E-04 -2.0096E-04

0.009 -2.5637E-04 -2.3492E-04 0.477

1.6116E-04 -3.4816E-04 0.976 -2.5046E-04 -2.0715E-04

0.015 -2.5146E-04 -2.351 lE-04 0.479

1.6352E-04 -3.4760E-04 0.983 -2.5577E-04 -2.1252E-04

0.021 -2.4569E-04 -2.3394E-04 0.481

1.6423E-04 -3.4535E-04 0.990 -2.5980E-04 -2.1741E-04

0.029 -2.3887E-04 -2.3238E-04 0.483

1.6381E-04 -3.4291 E-04 0.995 -2.6274E-04 -2.2183E-04

1.3760E-04 -3.3067E-04 0.867 -1.6357E-04 -1.5398E-04
1.4581E-04 -3.3745E-04 0.897 -1.8990E-04 -1.6323E-04

0.038 -2.3073E-04 -2.3061E-04 0.486 1.6248E-04 -3.3988E-04 0.998 -2.6373E-04 -2.2472E-04
0.064 -2.0717E-04 -2.2582E-04 0.490

1.5973E-04 -3.3605E-04 1.000 -2.6346E-04 -2.2788E-04

0.091 -1.8339E-04 -2.2220E-04 0.496

1.5568E-04 -3.3074E-04

0.117 -1.5932E-04 -2.2040E-04 0.504

1.5000E-04 -3.2320E-04

Table 7.2

Axial and Whirl Displacements, Section 5, Geometrically Correct Airfoil

145

Chapter Seven

Finite Element Model Results and Analysis

The bending stress about the axial direction, manifested in the finite element model
results of Figures 7.10 and 7.11, is a result of the boundary condition at the shroud
fixture limiting the shroud to radial displacement only. The inertia of the blade
material reacts against the rotation of the blade and introduces a bending moment. A
review of finite element model displacement results listed in Table 7.2 indicates that
the airfoil displaces by almost 0.25mm towards the pressure face at mid-span. This
displacement, which is also evident from the finite element stress results, confirms the
presence of a corresponding bending moment about the axial direction.

7.3.3.2

Comparison of F. E. Model Structural Results with Literature

Figure 7.12 plots the variation of equivalent stress against the fractional wetted
perimeter, for the JT8D third stage turbine blade. According to Mattingly, (1996),
Equation 3.2 may be integrated to yield Equation 3.4, which defines the principal
tensile stress in a linearly tapered turbine blade. Equation 3.4 indicates that a, is
proportional to pco^A, where p is the material density, co is the rotor angular velocity
and A is the flow annulus area. Common industry practice is to refer to the term co^A
as AN^ because it is easy to calculate and use. The AN^ term is used as a general
sizing criterion for turbine stage design. Mattingly, (1996), derives an expression for
a, in terms of this industry standard sizing criterion ;

^ = AN- n
3600 V
P

Aj
Equation 7.1

Thus, using data from Chapter Four,

p, (kg/m^)

7830 @871°C

N, (rpm)

7500

A, (m^)

0.27364

AN^ (m^rpm^)

15.39e6

A/A„

approx. 0.8

a„(MN/m2)

189.3 MNW
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This technique indicates that the average value of the maximum tensile principal
stress will be in the region of 190 MPa and will be located at the hub section of the
airfoil. This value for a, is determined wholely on the basis of tensile centrifugal
loads. Stresses arising from bending and twisting moments are not accounted for.
Thus the actual value of a, may be expected to vary appreciably around the hub
section profile. In particular, the value of a, will reach local maximum or local
minimum values at the leading and trailing edges of the airfoil section.

7.3.3.3

Comparative Analysis of Stress Levels in Variously Bowed and
Leaned F.E. Models

1mm Tangential Bow, Mid-Span :

•

Figure 7.13 represents a plot of the Von Mises, or equivalent stress level

distribution against fractional wetted perimeter, for an airfoil which is subject to 1mm
of tangential bow at mid-span. Sections 4 and 5 are respectively located 10mm
radially after and 10mm radially before the mid-span position. Comparison with
Figure 7.12 indicates that the equivalent stress level,

has risen by almost 50 MPa at

both the leading and trailing edges of these mid-span sections. A localised increase in
the value of g^. may be seen near the apex of the suction face of both these mid-span
sections. Reference to Figure E.12 indicates these increases in

g^

correspond with an

area of high compressive stress, G3, at these locations. Whereas the magnitude of g^
may be seen to increase on the pressure face, the distribution of stresses on the
pressure face remains relatively unchanged when compared to a geometrically correct
airfoil.

•

It is evident from Figure 7.13 that whereas an appreciable increase in the stress

level has occurred at mid-span of the airfoil, the magnitude of the equivalent stress at
the hub and tip sections of the airfoil have not altered significantly. Intermediate radial
positions show an increased stress level which falls between these two extremes.
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2nim Tangential Bow, Mid-Span :

•

Figure 7.14 represents a plot of the variation of the Von Mises, or equivalent

stress level against fractional wetted perimeter, for an airfoil which is subject to 2mm
of tangential bow at mid-span. This plot clearly indicates that the turbine blade will
fail at this engine power setting. The magnitude of stress at the trailing edge of each
radial section, except the hub section, has increased on average by a factor of two. The
magnitude of stress at the tip section has escalated beyond the yield strength of
Inconel 713C at the airfoil leading and trailing edges. Figures E.8 indicates that the
first principal stress has increased by a factor of almost two at the trailing edge of the
airfoil tip. It is evident from Figure E.12 that the third principal stress has increased
significantly at the leading edge of the airfoil tip. The magnitude of stress at the airfoil
hub remains relatively unchanged; it has only increased by approximately 50 MPa.
These plots indicate that the blade will most likely fail at the trailing edge of the
airfoil tip where the tensile stresses exceed the yield strength of the blade material.

1mm Tangential Lean at the Shroud Fixture :

•

The shroud fixture of a blade which has leaned tangentially towards the

suction face of the airfoil is no longer located radially above the root fixture. This is
unlike the situation where a turbine blade bows tangentially at mid-span towards the
suction face of the airfoil. This condition ensures that the highest centrifugal bending
stress will be evident at the hub section of a leaned airfoil and that it will decrease
towards the tip of the airfoil. Figure E.9 plots the first principal stress against the
fractional wetted perimeter for a blade which has leaned 1mm in the tangential
direction at the shroud. This plot indicates that the maximum tensile stress occurs at
the hub section. Section 7, and that the average value of a, at this section is
approximately 175 MPa. It is evident from Figure E.13 that the magnitude of

is

negligible over the hub sections, except for a pronounced, but localised maximum
value at the leading edge of Section 7 and 6.
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It is evident from Figure E.9 that the tensile principal stress, a,, decreases

monotonically towards the tip of the airfoil and that the magnitude of a, is
significantly less on the suction face than the pressure face of the airfoil. The value of
a, does not approach the yield strength of the blade material at any point along the
airfoil span. Similarly, the magnitude of the Von Mises stresses do not indicate that
part failure will occur under these steady state stress conditions.

2mm Tangential Lean at the Shroud Fixture :

•

The distribution of stress within each radial section of a 1mm tangentially

leaned turbine blade is also evident in the 2mm leaned version of this blade. Finite
element model results indicate that the equivalent stress, a^, is on average 25 MPa
higher across the hub section of the airfoil. The local maximum values of a, seen at
the trailing edge of hub sections of the 1mm leaned blade is less significant than the
2mm leaned version. Conversely, the 2mm leaned blade experiences a local elevation
in the magnitude of Qj, at the airfoil

7.4

Conclusion

Chapter Seven presented the results from a thermal and a structural finite element
analysis of the third stage turbine blade of the Pratt & Whitney JT8D-15A gas turbine
engine. Thermal and inertial loads equivalent to an engine speed on 7500

RPM

were

simulated by this analysis. Appendices C, D and E of this report contain further,
detailed finite element model results, and finite element model geometric data.
Chapter Eight will summarise the results of these analyses and conclude with
recommendations for future work in this field.
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Chapter Eight
Conclusions and Recommendations

8.1

Conclusions

Both the static temperature and static pressure vary appreciably around the wetted
perimeter of an axial flow turbine blade airfoil. Variations in the kinetic energy of a
fluid flow result in corresponding changes in the flow temperature. A consequent heat
interaction results between the flow and any solid surface in contact with it.
Aerothermodynamic design of turbomachinery blade components is typically
undertaken with the aid of computer based techniques. An analytical method, based
on the original work of Chung-Hua Wu, (1952), for calculating the blade-to-blade
flow field around the airfoil profile of the JT8D-15A T3 turbine blade was developed
in Chapter Five of this thesis.

This analysis tool was utilised to predict the temperature distribution on the rotor
airfoil using an airfoil stacking technique. The method treats the flow as a sequence of
radially stacked two-dimensional calculations, located on isolated axisymmetric
stream-surfaces. Radial variation of flow properties and angles are included. The
analysis considers the time dependent Navier-Stokes equations in conservation-law
form for inviscid, thermal, compressible flow. These laws are expressed in terms of
partial differential equations, which are discretised on a digital computer through
finite element based techniques. The ANSYS/Flotran computational fluid dynamics
program was utilised.

The finite element

model results of these blade-to-blade flow fields have been

comprehensively discussed. They indicate that;

1. the surface temperature of an axial flow turbine blade airfoil increases steadily
from the blade leading edge, along the concave pressure face, to the trailing edge.
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2. a sharp increase in the surfaee temperature of the blade is evident at the trailing
edge of the airfoil section, where the wetted perimeter of the airfoil is long and the
profile slender,

3. the rate at which heat is transferred to the concave suction surface of an axial flow
turbine blade airfoil, in the vicinity of the trailing edge, is significantly higher than
the rate of heat transfer to the convex pressure surface, at the same chordal
location,

4. vortices formed in localised areas of flow recirculation have the singular effect of
increasing the local blade surface temperature,

5. a distinct radial temperature gradient exists along the span of an axial flow turbine
blade airfoil,

6. the incidence angle (or angle of attack) of a gas turbine blade airfoil influences the
shape of the temperature distribution on the trailing edge surfaces.

A turbine rotor blade experiences a combination of structural and thermal stresses
during operation. These thermal stresses result from the high temperature exhaust
gases impinging upon the metallic surface of the rotor blade. The temperature
distribution detennined from the blade-to-blade model flow field is used as boundary
condition inputs to a series of structural finite element models of the JT8D T3 rotor
airfoil. These virtual models are used to predict the distribution of stresses within the
T3 airfoil due to both thermal and inertial loads equivalent to an engine speed of
approximately 7500

RPM.

Third stage turbine blades from the JT8D low pressure turbine have been observed by
the employees of the Industrial Partner, SIFCO Ireland Ltd., with as much as two
millimetres of deflection measured at mid-span. In a geometrically correct third stage
turbine blade, the tensile centrifugal load due to engine rotation will act in a near
radial line. In a blade which has bowed, the centroids of the blade cross-seetions at
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different radii are displaced tangentially away from their design positions. This
displacement

introduces a centrifugal bending stress. The introduction of these

stresses, may result in part failure. Blade lean, where the shroud displaces relative to
the blade root has a similar effect on blade loading.

Chapter Six discussed the important issues which are relevant to the construction of a
solid, three-dimensional, finite element model of a gas turbine engine rotor blade, in
this case the third stage rotor blade of the Pratt & Whitney JT8D-17A low pressure
turbine spool. Structural analyses of variously leaned and bowed T3 rotor blades
subject to both thermal and inertial loading have been discussed. Convergence criteria
equivalent to a 2.5% change in strain energy between p-level iterations were
stipulated for each analysis. In all instances, the finite element models converged
without difficulty to a significantly smaller value before termination of the solution
process occurred. This facility for tracking element convergence during solution
removes the necessity for grid refinement studies which is commonly associated with
h-type elements.

The structural finite element results presented compare the first and third principal
stresses over a range of variously leaned and bowed models of the T3 airfoil, together
with a geometrically correct T3 airfoil. The level of stress in the airfoil portion of
these virtual models was also compared quantitatively using the Von Mises theory of
elastic failure.

The structural finite element results have been graphed against fractional wetted
perimeter at specific radial locations along the airfoil span. The trends evidenced in
these graphs may be summarised in the following points;

1.

The intensity of stress within a third stage turbine blade airfoil which had bowed
in the tangential direction towards the suction face, increases with the amount of
initial bow, or curvature. This increase is most evident at the leading and trailing
edges of tip sections of the bowed airfoil.
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2.

The magnitude of the equivalent, or Von Mises stress, (aj, increases m.ore with
increasing initial curvature on the suction face of a bowed turbine blade airfoil
than on the pressure face. This indicates the presence of a bending moment
acting about the axial direction, towards the pressure face.

3.

A disparity in the magnitude of the tensile principal stress, (a,), is evident from
finite element model results. The tensile principal stress may be seen to be
higher on the pressure face of bowed airfoil models than on the suction face.
This is further evidence of the presence of a bending moment about the axial
direction.

4.

Furthermore a difference in the magnitude of the maximum principal
compressive stress, (Qj), is evident between the pressure and suction faces of
the airfoil. This difference indicates that the compressive stresses in the suction
face of the airfoil are higher than those in the pressure face, a further indication
of the presence of a bending moment acting towards the pressure face.

5.

The magnitude of the equivalent stress, a^, remains below 200 MPa over most
of the wetted perimeter of the geometrically correct airfoil model and the airfoil
model subject to an initial curvature of 1mm, measured at mid-span. An
exception to this trend occurs at the trailing edge of tip sections of these airfoils,
where the magnitude of

6.

locally increases to 300 MPa.

Finite element model results indicate that local yielding of the 2mm bowed
airfoil model will occur at either the leading or trailing edge of the tip section
where elevated compressive and tensile stresses respectively are evident.

7.

It is uncertain if part failure will occur in the turbine blade airfoil which is
subject to 1mm of initial tangential bow. Failure may occur through very high
cycle fatigue failure at the trailing edge of the tip where the magnitude of
locally increases to 300 MPa.
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8.

The distribution of stresses across the suction and pressure faces of an initially
bowed airfoil which is initially bowed is similar to that in a geometrically
correct airfoil. An airfoil which has an initial degree of lean exhibits a
significantly different stress distribution. The level of stress around the wetted
perimeter of radial sections on leaned airfoil models exhibit far less variation
than similarly located radial sections on bowed models.

9.

Only a minimal increase in the equivalent stress level is evident with increasing
initial lean. This increase is most pronounced on the pressure face of the airfoil.
This indicates that the bending moment mentioned previously is also present in
the leaned blade and that the magnitude of this bending mom.ent is significantly
less.

10.

Finite element model results indicate that the maximum compressive principal
stress exhibits localised maxima at the leading edge of airfoils which are subject
to an initial degree of tangential lean. The magnitudes of these local maxima are
below the yield strength of the turbine blade material. However, high cycle
fatigue failure of these parts may occur at these locations.

11.

The results of the structural finite element models presented in this chapter
indicate that the amount by which a bowed turbine blade will displace at mid
span increases with the amount of initial bow, or curvature. These models also
show that during operation, mid-span deflection of a leaned blade is less
significant than that of a bowed blade.
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8.2

Recommendations

Full scale measurement as part of a design process has become economically
impractical in many fields of engineering. The design of aero gas turbine engines is no
exception. This situation has led to an increasing interest in the use of numerical
modelling; specifically finite element modelling.

The basis of the finite element method has been previously outlined. It has also been
stated that;

• virtually any geometrical shape may be satisfactorily modelled using an
appropriate finite element mesh,
• that the shape of an object is in fact quite immaterial as far as the analysis itself is
concerned,
• that it may take more effort on the part of the user to generate data for a
geometrically complex component than for a simpler one.

A gas turbine blade is an example of a component whose complex shape precludes
simple accurate strength of materials analysis, but which can be meshed and analysed
using the finite element method. Capable commercial finite element computer
algorithms have recently become available at quite modest cost. As a consequence,
the use of finite element models over a broad spectrum of design applications is now
common, supplementing and refining the traditional strength of materials calculations,
which have dominated such analysis in the past.
The structural results presented in this thesis indicate that the finite element method
may be used to obtain useful data describing the flow in a turbine rotor blade passage
and the response of a solid blade model to consequent structural loading. The
completed analysis was based upon steady state loading conditions.

The author foresees a challenging area of further study which involves a transient
structural analysis of the turbine blade airfoil during a complete engine cycle. This
would involve a study of the airfoil stresses under power settings equivalent to take-
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off and cruise power settings, together with the subsequent near idle power setting at
landing. In order to successfully complete this task, the following points need to be
considered;

• Specific engine shaft speeds, throughout the engine cycle must be determined. This
data is not readily available in the public domain, and must be obtained from a
suitable industrial contact.

• If the ANSYS/Multiphsyics software is to be used for further analyses, the solid
model utilised in the current study must be rebuilt using h-type finite elements. Htype finite element gap elements, which are not compatible with p-type analyses,
should be added to the periphery of the shroud assembly. These elements enable
the tangential and axial displacement of the finite element model shroud to be
limited within a specific, range, instead of being set to zero.

• If h-type finite elements are used, suitable computer hardware must be made
readily available as the size of the model wavefront, the number of nodes and
elements, together with the size of the stiffness and global assembled matrices
rapidly increases with the complexity of three-dimensional solid models. The
availability of such a hardware platform would also make modelling of the
complete shroud assembly a realistically acheivable goal.
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Appendix A
Simulation Validity

A.l Qualification, Verification & Validation

According to Wu, an extremely important issue deserving of particular attention is
data verification and model validation. Figure A.l below illustrates the three main
steps involved in simulation model development, namely qualification, verification
and validation. Model qiiaJificalioti is the procedure of determining the structure,
elements, and data of the model which are required to provide an acceptable level of
agreement with the actual system. Model verification involves ensuring the proper
functioning if the developed model. This is mainly concerned with the correctness of
the model itself For example, if the model concerned involves tasks to be carried out
using computer software, then the model must be checked to ensure that the software
functions correctly. Finally, model verifcation is concerned with the task of
determining whether or not the model developed is indeed an accurate representation
of the real system of interest.

Figure A.l Simulation model development process, (Wu, 1992).
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A.2

Finite Element Benchmarking

The primary purpose of this Appendix is to demonstrate the use of the ANSYS
Solid 147 and Fluidl41 finite elements in straightforward problems which have
classical, or readily obtainable theoretical solutions. This demonstration of the close
agreement of ANSYS solutions with theoretical results is intended to promote user
confidence in solutions obtained from correctly formulated and constructed ANSYS
models which utilise these elements.

A.2.1

Solid 147 Element Validation

The chosen validation problem consists of a beam which is subjected to the action of
tensile forces, S, at either end and a uniform lateral load of intensity F, as this in
many respects resembles the tensile and bending loads which elemental fibres of the
T3 rotor blade will be subjected to. The problem geometry is illustrated in Figure A.2

Linifomi load, F

load,S

.TTJ 1 LLLi
...

beam, length 1

Figure A.2

i
J

! d

Validation Problem Illustration

The following quantities, where appropriate, are determined using both classical and
finite element techniques for the beam shown in Figure A.2 subject to the loads listed
in Table A.l;
•

maximum beam deflection, y^ax^

•

the slope, 0, at the left hand end,

•

the maximum bending moment, M„,ax

•

maximum absolute stress, a„iax-
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Loading:

Beam Ceonielric Properties t

F= lOOkN

1 = Im

S = 5kN/m

b = d = 0. Im

Material Properties:

E = 210 GN/m-

Table A.l

A.2.1.1

Beam Geonietn' and Mechanical Properties

Classical Approach to Solution

The classical approach to solving this problem begins with the simple problem of a
beam loaded with a single lateral force, F, and centrally tensioned by two equal but
opposite forces, S. The problem is then extended to encompass the solution of a beam
loaded both with a uniform lateral load and a central tensile load. The lateral load is
treated as a series of concentrated loads. The final solution can be readily obtained
using the method of superposition. The differential equations of the deflection curve
for the two portions of the beam shown in Figure A.3 are ;

FJ —^ = A y------X
dx^
/
Equation A.
and

dx‘

1
Equation A.2

where E is Young’s Modulus for the beam material, I is the second moment of area
of the beam cross-section, and c, x and 1 are linear dimensions as illustrated in Figure
A.3.
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Using the notation that

= -p^ the solutions to these equations can be

represented in the form;
.
Fc
, cospx + C 2 sinpx X
Equation A.3
and
y = (.3 cos px + L 4 sin px------——(/ - x)
Equation A.4

The constants of integration, Ci to C4, can be determined by application of suitable
boundary conditions.

Iz

Figure A.3 Validation Problem Illustration, (Timoshenko, 1956).

In this way expressions can be obtained for the deflection of portions of the beam
located to either side of the point load F;

Fs'mpc .
Fc
—7Sin/;x-—X
A/;sm/V
0/
Equation A.5
and.
yrigh,

=

Fs\np{l-c) .
F{I-c)
^ sin p{/ - X)---------------(/ - X)
Sp s'm pJ
SI
Equation A.6
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Now consider the general case where n lateral point loads act upon the beam and m of
these loads act to the right of the section for which the deflection is calculated. A
complex expression for the beam deflection is obtained. If, instead of concentrated
lateral point loads, a uniform lateral load of intensity F acts upon the beam, each
individual element Fdc of this load, taken at a distance c from the right end, is
considered as a concentrated force. Thus the deflection equation for the general case
of multiple lateral point loads is used to determine an expression for the deflection,
and more usefully, the maximum deflection of a beam subjected to a uniform lateral
load of intensity F is obtained;

Tmax

5Fr

(T).v=//2

cosh(//)

-1 +

2 /A

384/':/
Equation A.7

2 N/^
where n ~

^7 differentiating equation A. 1 expressions tor the slope and

bending moment can be obtained. The slope at the left hand end of the beam
illustrated in Figure A.8 is given by;

dy
dx

.v=0

hr u - tanh(//)
24/:/
\/id
Equation A.8

The maximum bending moment, located at mid-span of the beam is;

f /2

d_J_A

^dx^ j

Fl^ 2(cosh(//) -1)
.v=//2

8

r cosh(7/)

Equation A.9

When the maximum bending moment for the beam is determined in this way the
numerically maximum stress is obtained by combining the direct stress with the
maximum bending stress, which gives;
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11
_ ^
I Imax - ^

•'^max^ma:
j

Equation A. 10

where A is the beam cross-sectional area Thus, applying the data of Table A.l to
Equations A.7 to A10;

T8547xT0m

ii M beam deflection ym.L'
slope, 0, at the left hand

1.188e-4 radians

bending moment,

624.04Nm

max. absolute stress. 0:

Table A.2

A.2.1.2

2.503 MN/m^

Quantities detemiined using classical mechanics

Finite Element Approach to Solution

Due to symmetry, only one half of the beam is modelled. Figure A.3 represents the
finite element model used. The model is restrained from displacing in the x-direction
at the mid-span symmetry face; end B in Figure A.4. Displacement in the z-direction
is restrained at the hinged end A. In order to allow the beam to deform in the three
co-ordinate directions whilst still remaining anchored, a single corner node at end A
is restrained in the y-direction. No rotational restrains are applied.

B
A

X.

L/2

Figure A.4

Representative Finite Element Model
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Kevin O'Donoghue
Dept, of Mech. & Manu. Eng.,

tensile end load

C.I.T.

AHSYS 5.3
MAY 29 1998
16:05:11
PLOT HO.
1
ELEMEHT3
PowerGraphics
EFACET=2
U

F

uniformly distributed
load applied to top face

3CV =1
YV =1
2V =1
0131^.233347
XF =“.25
YF =. 05
ZF =.05
VOP =Z
Z-BUFFER
VSCA=.75

hinged joint

symmetry face

Figure A.5

The Actual Finite Element Model

Kevin O’Donoghue
Dept, of Mech. & Manu. Eng.,
C.I.T.

ANSYS 5.3
MAY 29 1998
10:24:04
PLOT NO.
1
NODAL SOLUTION
STEP=1
SUB =1
TIME=1
U2
(AVG)
RSYS=0
Powe rGraphics
EFACET=2
AVRES=Ail
DMX =.384B-04
SMN =-.384E-04
XV =1
YV =1
ZV =1
DIST=.235206
XE =.247705
YP =.05
2F =.040279
VHP =2
2-BUFFER
-.384E-04
— . 34lE — 04

□
Ea

-.256E-04
-.128E-04
-.854E-05
-.427E-05
0

maximum deflection
at mid-span point

Figure A.6

Displacement (metres) of Finite Element Model

A-7

Appendix A

ANSYS 5.3
MAY 29 1998
11:54:18
PLOT NO.
2
MODAL SOLOTIOH
STEP=1
SUB =1
TIME-1
SINT
(AVG)
PowerGraphie3
EFACET=2
AVRES=Ali
DMX =.384E-04
SMN =299998
SMZ =.501E+07
XV
YV

=1
=1
=1
»DIST=.235818
*XF =.25796
*YF =.061295
»2F =.030746
VUP =Z
Z-BUFFER
VSCA=.75
ZV

299998

^
1 '^^'1

Figure A.7

A.2.1.3

823158
.135E+07
.ie7E+07
.396E+07
.449E+07
.5O1E+07

Intensity of Stress, (MPa).

RESULTS COMPARISON

Quantity

slo|>e^ % at

max,

*

M tai md

stress, e»,.

OlM^

ANSYS

% Variation

3.jS547xlO'*M

3.841x10'^ m

0.0036

l .t88e-4 rads

N/A*

N/A*

mCHMtn

N/A*

n/a"

5.«58MN&i^

5.01 MNW

-0.001

The Solid 147 element does not output this data.

Table A.3

Results eomparison for Solid 147 Element Validation Problem

A-8

Appendix A

A.2.1.4

SOLID147 INPUT DATA LISTING

/lUTCH
/AN(}, 1
/REP
/vin\EZ
/PREP7
K, ,0,0,0,

K. ,0,.1,0,
K, ,0,0.1,0.1,
K, ,0,0,0.1,
EEST,2,4,3
l'i'rEM,2,4
EITEM,2,3
EITEM.2,2
EITEM,2,1
A,P51X
l'EST,2,l,5,ORDE,l
I'1TEM,2,1
VEXT,P51X,,,0.5,0,0,,,,
!'LST,2,8,4,0R1)E,2
EITEM.2,1
EITEM,2,-8
EESIZE.P51X,,,4,1,
EEST,2,4,4,()R1)E,2
I'ITEM,2,9
l'ITEM,2,-12
EESIZE.P51X, ,,6,1,
KEYW,PR_SET,1
KEYW,PR_STRUC,1
KEYW,PR_'niERM,0
REYW,PR_EEMA(1,0
KJ'YW,PRJ’EUII),0
REYW,PR_MlJi;ri,0
REYW,PR_CI'’I),0
KEYW,ESI)YNA,0
/PMl'TH.ON
ET,1,S()E1I)147
I)()P,RO'I'X,R01 Y,RO'rZ
CM,_Y,VOEU
VSEL,,,,
1
CM,_Yl,VOLU
CllKMSH.'VOEU'
CMSEL,S,_Y
ESI1APE,2,0
VMESH,_Y1
ESIIAPE,0,0
CMDEE,_Y
CMI)EL,_Y1
CMI)EL,_Y2
/VIEW, 1 „1
/AN(1, 1
/Rl/P

ELST,5,65,l,ORl)E,2
EITEM.5,66
EErEM,5,-130
NSEL,S, ,,P51X
EEST,2,65,l,()Rr)E,2
EITEM,2,66
EITEM,2,-130
1),P51X, ,0, ,,,IJX
1)SYM,SYMM,X,,

/ANG, 1
/REP
/VUP,1,Z
ALLSEE,ALL
VSEE,ALL
ASEE,ALL
LSEL,AEE
KSEL,AEE
ESEE,AEE
NSEE,AEE
EEST,2,9,l,ORDE,3
EITEM,2,10
l'rrEM,2,18
FrrEM.2,-25
D. P51X, ,0,,, ,ROTZ
FEST,2,22,l,ORDE,ll
EErEM,2,10
EEreM,2,14
EEPEM,2,-25
EriEM,2,42
ErrEM,2,51
FrrEM,2,-52
ErrEM,2,55
I’ErEM,2,60
m'EM,2,-62
irrEM,2,65
l-TrEM,2,302
1)1)EEE,P51X,AEE
I'EST,2,9,1,()R1)E,3
Eri’EM,2,10
I’ITEM,2,18
ErreM,2,-25
1),P51X, ,0, ,,,UZ
EEST,2,l,l,ORr)E,l
lTrEM,2,18
1),P51X, ,0, ,,,IJY,UZ
/DIST, 1 ,1.371742,1
/RliP
/FOC, 1 „0.300000,, 1
/REP
/EOC, 1 „0.070000„1
/REP
/I'OC, 1 „0.070000,,!
/REP
/FOC, 1 „0.070000„1
/REP
FEST,2,4,1,()RDE,4
FITEM,2,1
EITEM,2,-2
FErEM,2,10
FITEM,2,18
E. P51X,EX,-195.3125,
FEST,2,12,l,ORDE,12
FITEM,2,4
EITEM,2,6
EITEM,2,8
FI'rEM,2,12
EITEM,2,14
FITEM.2,16
FITEM,2,20
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i’n’i:M,2,22
i'rn'M.2.24
1 ri'EM,2,27
1 rrEM,2,29
1-ITCM,2,31
F,P51X,FX,-39().625,
FFST,2,9,1,011I)F,9
FITFM,2,37
FITFM,2,39
FITFM,2,41
l’ITFM,2,47
1 rrFM,2,49
FITCM,2,51
FITFM,2,57
FITFM,2,59
Fri'FM,2,61
F,P51X.FX,-78F25,
/Ali'PO, 1
/RFP
/PSF,DFFA, ,1
/PrU’,DFFA, ,1
/PSYMB,CS,()
/I’SYMB,NDni,0

/psymifesys,()
/PSYMBXDnFO
/1\SYMIFFC0N,()
/PSYMB,PCONV,()
/PSYMBXAYR.O
/PBCy^FF, ,0
/RFP
I’FST,2,4,1,0P-1)1'',4
F1TFM,2,1
FrrFM,2r2
1 rrFM.2,66
1 riXM,2,-67
F,P51XXZ,-26.{)41667,
l'FSX2,16,l,ORl)E,16
l■ITFM,2,4
I rFFM,2,6
FrrFM.2,8
F1TFM,2,69
FFrFM,2,71
l''FFFM,2,73
l'nXM,2,132
FrFFM,2,134
ldTFM.2,136
FrFEM.2,138
FFniM,2,140
FnXM,2,143
l'FFFM,2,145
1 rrFM,2,147
FriXM,2,149
FnXM,2,151
F,P51XXZ,-52.083333,
FFST,2,15,l,ORDE,15
FrrFM,2,159
FITFM,2,161
1 rrFM,2,163
l'FrEM.2,165
F1TEM,2,167
FrrEM,2,175
FITFM,2,177
1'ITFM.2,179

FFrEM,2,lBl
FFrEM.2,183
1TIEM,2,191
FITEM.2,193
FITEM,2,195
FITEM,2,197
FITEM,2,199
F,P51X,FZ,-104.16667,
IJIMP,1,EX, ,,210e9,
UIMP, EDENS,,,,
1]1MI\1Z^FPX,,,,
inMP,EREFT,,,,
IJIMP,1,NI]XY,,,,
IJIMP,1,PRXY,,,,
IJIMP,1,GXY,,,,
DIM’, EMU,,,,
IJIMP,1J)AMP,,,,
UIMIM.KXX,,,,
U1MIM,C,,,,
UIMP,EFN'nX,,,
ElMxXEHF,,,,
uimp,eemis,

,,,

inMP,l,QRATF,,,,
IJIMP,1,MURX,,,,
IJIMIEEMGXX,,,,
UIM1M,RSVX, ,,,
IJ1M1\EPERX,,,,
IIIMP,EVISC,,,,
UIMP,ESONC,,,,
/AN(F 1
/Rl'P
/SOEU
I'lNISH
/SOEU
NIXJFOM,0
NROPr,AU ro,,
EUMI'M,0
EOSFV,PCG,le-()08,(),
SSOF
PSTRES
TOFFST,(),
FEST,2,36,2,0R1)E,21
FITEM,2,1
FrrEM,2,-17
FnXM,2,21
FFrEM,2,25
F1TEM,2,29
FFIXM,2,33
FITEM,2,37
FITEM.2,41
r'ITEM,2,45
nTEM,2,49
FITEM,2,53
FrrEM,2,57
FITEM,2,61
FFrEM,2,65
FnXM,2,69
FITEM,2,73
FITEM,2,77
F1TEM,2,81
I’FrEM,2,85
FITEM,2,89
FFrEM,2,93
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PEXCLUDE,P51X
/STAT.SOLU
SOLVE
/I’OSri
PENSOL,U,Z,0
SET.LAST
PLNSOL,IJ,Z,0
PLNSOL,S,lNi;0
I’INISH
! /EXEEALL

A.2.2

FLUID141 Element Validation

The problem chosen to validate the Fluid 141 two-dimensional element is taken from
Yuan, (1976). This example demonstrates incompressible, steady and uniform
laminar flow in a circular cross-section pipe. This type of flow is commonly referred
to as Hagen-Poiseuille.

A pressure differential is applied across a wide channel of length L, and height, H.
The channel is filled with an arbitrary incompressible fluid of density p, and viscosity
p. The steady state velocity distribution C^., will be determined as a function of the
channel height, C^Cy), using classical methods and using the finite element method.

Material Properties

Geometric Properties

Density

1262 Kg/m'

L

0.25m

Viscosity

620 Kg/ms

H

0.060m

Loading

Table A.4

Pi

700 Pa (gauge)

P2

0 Pa

Validation Problem Gcometiy^ and Fluid Properties

A-11

Appendix A

A.2.2.1

Classical Approach

to

Solution

Fully developed laminar flow, without body forces, between two parallel flat plates is
illustrated in Figure A.8. This type of flow is referred to as Plane-Poiseuille flow. Let
X

denote the flow direction, y the direction normal to the flow and let the width of the

plates parallel to the z-direction be large compared with the distance, H, between the
plates.
It may be shown, using the Navier-Stokes equations, that the pressure gradient
= 0 and thus that the flow pressure depends only upon the x-direction. For a
viscous incompressible fluid in steady flow the Navier-Stokes equations with
negligible body forces reduce to;
dp
6

//
Equation A. 10

L
/'

/Z

Z

H
Cx(y)

Figure A.8

Fluid 141 Validation Problem Illustration

Since C^ is a function of y alone, the left-hand side of Equation A. 10 can be either a
function of y alone, or a constant. But it has been shown that the pressure gradient is a
function only of x, i.e.

- 0. Therefore, the term

/ dx must be a constant.

Integration of Equation A. 10 with respect to y yields a general solution in terms of

C.;
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/LI ax 2

,Ay.H
Equation A. 11

where A and B are arbitrary constants. Referring to Figure A.8, a no-slip boundary
condition imposed at y' =

yields;
A = 0;

=-

dp
S/i dx

The velocity distribution across the channel between the two plates is obtained by
substitution for A and B into Equation A. 11;

c =—
'

-4\l

8// dx
Equation A. 12

Equation A. 12 indicates that the velocity profile of the fully developed laminar Bow
between two parallel plates is parabolic. This type of flow with parabolic velocity
distribution is generally referred to as plane Poiseuille flow.

A.2.2.2

Finite Element Approach to Solution

AWSYS 5.3
JUL 4 1998
15:29:53
PLOT HO.
1
ELEMEHTS
TYPE HUM

ZV =1
DIST=5.5
XF =5
YF =1
Z-BUFFER

Figure A.9

Representative Finite Element Model
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A zero velocity gradient in the z-direction is assumed so that a two-dimensional model
is adequate. No-slip boundary conditions are applied along the channel walls, (Cy = Cx
= zero). The problem domain is discretised with eight finite elements along the length
L, and six elements across the width H

Kevin O’Donoghue
Dept, of Mech. & Manu. Eng.,
C.I.T.

AMSYS 5.3
JAH G
00:00:00

PLOT WO.
POSTl
3TEP=1
SUB -1
PATH PLOT
HOD1-2
HOD2-1Q
2V

A

-1

ixiC¥*-2J

DIST
FLtllDl^l ELEMENT VBRIFICATIOD PROBLEM

Figure A. 10

VelociU' Vector Display, (metres/sec).

1 Kevin O’Donoghue,
Dept of Mech. & Manu. Eng.

C.I.T.

....

1

,

(
^4- -I
>

1

5

AMSYS 5.3
JAN 0
0
00:00:00
PLOT NO.
:
VECTOR
3TEP=1
SUB =1
V
HODE=61

MIN=0
MAX=.002032
0

.2S4E-03
.508E-03
.762E-03
.001016

.002032
FLUIDl^l ELEMENT VERIFICATION PROBLEM

Figure A.l 1

Velocity Profile Across Channel, (metres/sec).
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A.2.2.3

RESULTS COMPARISON

Cx, mm/sec

Classical

ANSYS

™ 0 mm (centre)

2.032258

2.03225

10 mm

.806451

.80645

y = 20 mm

.129032

12903

30 mm

Table A.5

Results comparison for Fluid 141 Element Validation Problem
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A.2.2.4

INPUT DATA LISTING

/batch,list
/verify,FLUID 141
/SHOW
/PROBLEM
/prf:p7
SMRr,OI'IET,LFLUID141
EL1)ATA,N0M1.DENS,1262
FLr)ATA,NOMLVISC,620
K. 1,0,0
K,2,0.25,0
K,3,0.25,0.060
K,4,0,0.060
L,L2
LESIZE,1,„S
L,2,3
LESIZE,2,„6
L,3,4
LESIZE,3,„8
L,4,l
LES1ZE,4,„6
A,L2,3,4
AMESILl
LSEL,S,L1NE„4
NSLL,S,1
l).ALL,W,0
1),ALL,PRI-:S,700
LSEL,S,L1NE„2
NSLL,S,1
1),ALL,VY,0
i),all.prf:s,o.o
LSEL,S,LINE„1,3,2
NSLL,S,1
l),ALL,VX,„„VY
LSEL,S,LINE„ALL
NSEL,S,NODE,Z^LL
NSEL,S,LOC,X,0.25
NSEL.R,LOC,Y,0
*of:t,nodlndmx
NSEL,S,LOC,X,0.25
NSEL,R.LOC,Y,0.060
*OET.NOD2,NDMX
NSEL,ALL
FINISH
/SOLD
/OUT,SCRATCH
l'Ll)ATA,FrER,EXEC,250

SOLVE
/OUT
FINISH

/POSTl
SET, 1,1
/ED(iE,l,l
PLVECT,V
/EDGE, 1,0
LPAFH,NODLNOD2
PDEF,VX,V,X
PRPATH,VX
/AxLAB,Y,VELOCrrY
PLPA4TLVX
LSEL,S,LINE„ALL
NSEL,S,NODE,Z^LL
NSEL,S,LOC,X,0.25
NSEL,R,LOC,Y,0.03
*GET,NOD2,NDMX
*GET,V1 ,N0DE,N0D2,V,X
I.SEL,S,L1NE„ALL
NSEL,S.NODE,.ALL
NSEL,S,LOC,X,0.25
NSEL,R,LOC,Y,0.04
*GET,NOD3,NDMX
*(5ET,V2,NODE,NOD3,V,X
LSEL,S.LINE,.ALL
NSEL,S,NODE,j\LL
NSEL,S,LOC,X,0.25
NSEL,R,LOC,Y,0.05
*GET.NOD4,NI)MX
*GEr,V3,NODF:,NOD4,V,X
*DIM,LABEL,CHAR,3,2
*DIM,VALUE„3,3
LABEL(1,1) = '@Y=' ,'@Y=' ,'@Y-'
LABEL( 1,2) = '0 min ',' 10 mm' , '20 imn'
*VFILL, VALUE(1,1), DATA, 2.032258, 1.806451, 1.129032
*V1TLL, VALUEd ,2), DATA,V1 ,V2,V3
*VFILL, VALUE(1,3), DATA,
ABS(Vl/.030),ABS(V2/.040),ABS(V3/.050)
FINISH
/DELETE.SCRATCH
/DELETITFLinDl 41 ,PFL
/DELE'rE,FLUID 141 ,RS W
/COM,---------------- FLUID141 RESULTS COMPARISON----------/COM.
/COM,
/COM,VX (m/s) I
TARGET |
ANSYS
1
RA TIO
/COM,
*VWRTTE, LABEL(1,1), LABEL(1,2), VALUE(1,1), VALUE(1,2),
VALUE/1,3)
(1X,A8,A8,' ',F10.4,'
',F10.4,' ',1F5.3)
/COM,------------------------------------------------------------------------------IINISFI
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An Investigation into Bowing & Lean of a Gas Turbine EngineRotor Blade

A paper presented at the 15th Conference of the Irish Manufacturing Commitee,
University of Jordanstown,
School of Electrical and Mechanical Engineering,
2nd - 4th September, 1998.
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AN INVESTIGATION INTO BOWING & LEAN OF
A GAS TURBINE ENGINE ROTOR BLADE
K. O’Donoghue', S. F. 0’Leary“,
Dr. K. Gove^ and Prof. S. Hashmi'^.
‘ Department of Mechanical & Manufacturing Engineering
Cork Institute of Technology.
^ Department of Mechanical & Manufacturing Engineering, CIT.
^ SiFCO Florida Ltd.
"Faculty of Engineering and Design, Dublin City University.
ABSTRACT
Following a recent series of failures of overhauled third stage turbine blades in the JT8D
gas turbine engine, new inspection criteria have been introduced by the engine manufacturer
Pratt & Whitney. One such inspection checks for airfoil bowing and lean. Bowing and lean can
result in up to 30% of blades being considered unacceptable for overhaul, a problem of critical
importance to the industrial partner, SlFCO Ireland. This project is thus concerned with
determining whether airfoil howing, or airfoil lean, will raise the stresses in the blade by an order
of magnitude which will cause the part to fail at maximum engine power setting.
An analytical method for calculating the blade-to-blade flow field around the airfoil of an
axial flow turbine rotor is presented. This analysis tool is utilised to predict the pressure
distributions on the rotor airfoil using an airfoil stacking technique. The method treats the flow as
a sequence of radially stacked two-dimensional calculations. Radial variation of flow properties
and angles is included. The analysis considers the time dependent Navier-Stokes equations in
conservation-law form for inviscid, thermal, compressible flow. These laws are expressed in
tenns of partial differential equations, which are discretised through finite element based
techniques.
During operation, gas turbine blades are subject to both structural and thermal stresses. The
geometry of the third stage rotor blade is modelled using p-type brick elements. The structural
and thermal loads are derived from the flow models described. The stress distribution in the rotor
blade material is computed for variously leaned and bowed models within limits specified by the
industrial partner.
NOMENCLATURE
Symbol
A
P
CO

Wj
To

P
k
E

Quantity
area
density
rotor angular velocity
specific work output
total temperature
relative gas flow angle
turbulent kinetic energy
turb. energy dissipation rate

Symbol
r
M
C
lyy
F
U

Quantity
radius
bending moment
absolute velocity
2nd moment of area
about axis yy
force
blade speed

Subscript
c
h
t
X

y
2,3
gb
m

Quantity
centrifugal
hub
tip
axial component
tangential component
rotor entry / exit
gas bending
mean
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1.0

INTRODUCTION

The theoretical basis for, and practical application of, the techniques being used to quantify
the stress distribution within the airfoil portion of variously leaned and bowed virtual models of
the Pratt & Whitney JT8D T3 rotor blade are set out in this paper.
The standard overhaul of low pressure turbine blades undertaken by SiFCO at their Cork
plants involves the repair and refurbishment of the root and shroud fixtures. The airfoil portion of
the blade is also cleaned, but the aerodynamic profile of such blades is not repaired. Any blades
which have serious defects in the airfoil section are scrapped.
One such defect manifests itself as a curvature of the airfoil portion of a blade and is
referred to as blade bowing. Blade bowing can best be defined as a dispacement of the airfoil
portion of the blade towards the suction face of the airfoil, largely resulting from creep. Another
prevalent geometric defect, referred to as blade lean, involves the tangential displacement of the
shroud fixture relative to the root fixture. The engineering staff in SiFCO have discovered bowed
blades with a maximum of 2mm of tangential deflection, measured at mid span of the airfoil, or
approximately 1.5° of curvature. A similar figure has been cited for the maximum degree of
tangential deflection of leaned blades, measured in this case at the tip radius. This deformation
equates to just under 0.75° of lean.
In a geometrically correct T3 blade, the tensile, centrifugal load due to engine rotation will
act in a near radial line. In a blade, which has bowed, the centroids of the blade cross-sections at
different radii are displaced tangentially away from their design positions. This displacement
introduces the centrifugal bending stresses described previously. The introduction of these
stresses may result in part failure. Blade lean, where the shroud displaces relative to the blade
root has a similar effect on blade loading. The above mentioned phenomena are investigated in
this project.
2.1

TURBINE BLADE LOADS

The axial turbine is essentially the reverse of the axial compressor except for one essential
difference - the turbine flow operates under a very much more favourable pressure gradient. This
permits greater changes in gas flow angles, and greater pressure and energy changes to occur
across each engine stage. For this reason, the aerothermodynamic analysis cannot be divorced
from the consideration of the mechanical strength of the rotating parts - the blades and disks during the design of axial flow turbines. Thus, the high blade stresses, encountered in turbines
due to the high work output per stage and high stage temperature ratios, tend to dictate the blade
shape. There are three main sources of mechanically induced blade stress, comprising:•
centrifugal tensile stresses due to inertial effects,
•
gas bending stresses, which are analogous to the lift experienced by an aircraft wing,
•
centrifugal bending stresses, which occur when the centroids of the blade cross-sections at
different radii do not lie on a radial line. According to Cohen et. al. [3], torsional stresses
arising from this source may be neglected.
The stresses induced may also include buffeting or vibratory stresses, which occur when the
airfoils pass through the wakes of upstream nozzle vane rows. The vibratory or buffeting stresses
can be devastating in magnitude when the blade passing frequency coincides with one of the
lower natural frequencies of the airfoil, thus causing resonance to occur, [3].
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2.1.1
Tensile Centrifugal Stress
The hub section of a turbine rotor will experience the greatest centrifugal loading The principal
tensile stress,
for a straight blade is given by Mattingly [1] as;

l^^rdr

— =

Ah

Eqn.(l)

A„

According to Emmert [2], turbine rotor airfoils usually taper with increasing radius. This is the
case with the T3 blade considered in this research. The taper has the effect of reducing the
principal tensile stress,
If the taper is linear, an expression for the principal tensile stress in a
linearly tapered turbine blade is given by Emmert as;
pco^ A
An

2-2/

1-^'

AA

1+

1
l + r,,/r,;

Eqn. (2)

Equation (2) yields one particularly surprising result : when the rotational speed is
specified, the principal tensile stress places a limit upon the annulus area, but does not affect the
choice of blade chord. This is one reason for the move towards short, wide chord bypass fan
blades such as those used in the Rolls Royce RB-211. The fan blades do not need mid-span
shrouds or “snubbers” commonly used to prevent blade vibration. Furthermore, according to
Cohen et. al., [3], in a multi-stage turbine the maximum value of the tensile stress will arise at the
root of the last stage, where the fluid density is least and the
annulus area is greatest.
2.1.2

Bending Stresses
The useful output torque in a gas turbine engine is
produced by the force arising from the change in angular
momentum of the hot exhaust gases in the tangential direction.
This force also produces a gas bending moment about the axial
direction. This force may be denoted by My and is illustrated in
Figure 1.
The exhaust gases will also experience a change in
momentum in the axial direction (i.e. when the axial velocity
component of the gas before the rotor blade, Cx2, does not
equal that after, Cxj), so that there will also be a pressure
force, and hence a bending moment, M^, about the tangential
direction. If the specific work output, W^, is the same at all
radial sections, the fluid density is considered constant and Un,
is taken as the blade speed at mean radius, then the bending

Figure 1
Bending moments
acting on a turbine rotor blade,

moments about the tangential and axial directions may be
readily evaluated. The bending stresses are resolved into
components acting about the principle axes of the blade cross-section. The gas bending stress
may then be evaluated from the literature [3], as ;
Qgb = x/Iyy(M^cos(}) - MySinij)) + y/Iyy(M^cos(t) + Mysincj))

Eqn. (3)
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where the dimensions x and y and the angle (j) are illustrated in Figure 1.
The gas bending stresses will be tensile in the leading and trailing edges and compressive
in the pressure face of the blade. Even with tapered twisting blades, the maximum stress value
usually occurs at either the leading or trailing edge of the root section.
The total stress, due to both inertial and bending loads acting upon a rotor blade may be
reduced by intentionally displacing the centres of gravity of discrete blade sections away from
the radial line. The resultant curvature of the airfoil will introduce a centrifugal bending stress in
the blade material which, in theory, will oppose the gas bending stress. These two stresses are
designed to cancel each other at the design operating speed.
The centrifugal bending stress is very sensitive to manufacturing errors in the airfoil
portion of the rotor blade and in the blade root fixing, Yahya [4]. The gas bending stress is often
not regarded as being offset by any centrifugal bending stress. The latter is calculated using the
extreme values of manufacturing tolerances to check that it is of small magnitude and is not
additive to the gas bending stress.
2.1.3

Turbine Rotor Thermal Loads
The maximum temperature,
in a gas turbine plant
occurs at entry to the first turbine stage. The incentive to use
high turbine temperatures in a gas turbine engine arises from
the increase in efficiency and specific work output, which
results when high maximum cycle temperatures are used.
The variation in overall plant efficiency with increasing
values of maximum cycle temperature and pressure ratio in a
gas turbine has been investigated extensively by many
researchers. Figure 2, by Yahya [4], clearly illustrates the
advantage of increasing turbine inlet temperature in a closed
gas turbine powerplant. A similar illustration appears in both
Eastop and McConkey [5] and in Hodge [6], where the
variations of thermal efficiency and specific power output
with compressor temperature rise are set out.
3.1

TURBINE ROTOR DESIGN METHODS

3.1.1
2-D Design of Turbine Blade Profiles
In an axial flow turbine, gas flow velocity components exist
both parallel to the axis of rotation of the machine and in the
tangential or circumferential direction, but the flow has little
radial velocity. The idealised, design point, velocity vector
polygons for a turbine stage are illustrated in Figure 3. In the
idealised situation, the flow is assumed to enter and leave
tangential to the blade profile at each radial section. Fox and
McDonald [7] refer to this idealised shockless entry flow. In
many axial turbines, the hub and tip diameters

20

Pressure Ratio

Figure 2
Effect of pressure
ratio and maximum turbine inlet
temperature on,(A) the efficiency,
and (B), the power output of a gas
turbine plant, Yahya, [4].

vary little through the machine. The hub-tip ratio approaches unity. No large radial components
of velocity between the annular duct walls exist in such machines. Little static pressure
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variation from blade root to tip occurs and the flow conditions are little different at each radius.
For these machines, of high hub-tip ratio, a two-dimensional analysis is sufficiently accurate.
The idealised flow velocity triangles are determined for the mean radius condition, but these
velocity triangles are assumed valid for the other radial sections.

vortex originates fonn the early days of gas turbine
technology, when it was speculated that the flow of hot gases
from a ring of turbine nozzle vanes has the characteristics of a
vortex or whirlpool. In a perfect free vortex of this kind, the
product of the whirl velocity and radial distance from the
centre of the vortex remains constant, Golley [9]. The radial
pressure rise from inside to outside is caused by centrifugal
forces in the whirling fluid.

Figure 3
A single stage turbine
and associated velocity diagram.

Free vortex design involves two assumptions :
•
The flow is in radial equilibrium before and after all blade rows.
•
The tangential (or whirl) velocity distribution is a free vortex, in which the product of
tangential or whirl velocity and radius is constant, i.e. rCy = constant.
The free vortex condition provides a convenient condition for designing blade rows of
axial flow turbomachines. Together with an assumptions!690lt0b0sl2vlPdesign method. The term free
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3.2

THE DEVELOPED FLOW MODELS

Turbomachinery blade components are designed with the aid of theoretical methods and
computer programs. If one is to have eonfidence in achieving design targets in practice using
these methods, then it is essential that the mathematical model employed adequately describes
the physical processes involved. However, the flow in a turbomachine is very complex. There are
rotating and non-rotating components. The blade geometries are 3-dimensional with the sectional
geometry and blade stagger angle varying from hub to tip. Boundary layers exist on the blade
surfaces and wakes follow from the trailing edges of the blades. Consequently, the flow is
unsteady, 3-dimensional and has regions where viscous effects are predominant. The solution of
the full equations of motion together with the full boundary conditions represents a formidable
task from both a computational and modelling point of view. Consequently, approximate models
of the flow are adopted.
Many blade design systems are based on the original work of Chung-Hua Wu [10], using
Quasi-3D through-flow and blade-to-blade programs. A through-flow analysis can give the
necessary inlet and outlet flow conditions for each section of a blade row. Using a blade-to-blade
analysis, sections of a blade are designed on isolated axisymmetric stream-surfaces. Once
designed, sections are stacked radially and circumferentially to produce a three-dimensional
blade geometry, which takes aerodynamic as well as mechanical constraints into account. The
design freedom lies with the lift distribution from leading edge to trailing edge which in turn
determines the characteristics of the blade surface boundary layers. In effect, this design
technique yields the velocity and pressure distribution around the blade profile. Knowledge of
these two flow properties at any given point enables the flow temperature at that point to be
determined.
3.2.1

Blade-to-Blade Model Fomiulation
The rotor of a turbomachine rotates with constant angular velocity, co, about a fixed engine
axis. A relative co-ordinate system is attached to the rotor so that the flow appears steady to an
observer attached to the rotor blades. According to Meauze [11], only one situation exists when
the flow in a turbomachine can be considered to be truly steady (in the relative reference frame).
This corresponds to the particular configuration of an isolated blade row, when the inlet and
outlet boundary conditions including the rotational speed, are not time-dependent.
In the traditional blade-to-blade analysis, a spatial orthogonal curvilinear co-ordinate
system is used to descretise the flow through the blade row passage. The axial plane of the
turbine is assumed to be composed of a discrete number of stream surfaces of revolution between
the rotor hub and tip. This judicious selection of the co-ordinate system, simplifies a threedimensional flow field to the determination of a two-dimensional blade-to-blade flow field. The
governing partial differential equations for the blade-to-blade surface of revolution are
formulated in terms of the axial and circumferential co-ordinate, system (since the radial co
ordinate is a constant). The subsonic axial-circumferential solution resulting from sueh a model
provides necessary gas dynamic input data for a structural / thermal model of a complete blade.
The blade-to-blade analysis is being carried out on a series of two-dimensional axial - quasi
tangential planes, which are oriented at right angles to the radial direction. Each plane is located
at a specific radius, which is measured from the engine centre-line along a radial line. This radial
line passes through a reference point located in the blade root. The motivation for this deviation
from the nornial blade-to-blade stream surface model was that the two-
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dimensional finite elements being used to discretise the problem domain cannot be used in a twodimensional cylindrical co-ordinate system, (0 and z change, r constant). These elements require
mutually perpendicular Cartesian co-ordinates. The conclusions of the analysis by Josyln and
Dring [12] suggests that the difference in the results from the two approaches is minimal.
3.2.2

Boundary Conditions for Turbine Blade Passages
Specification and enforcement of realistic boundary conditions for the turbine rotor passage
blade-to-blade model is essential to accurately model the mathematics of the flow. Scott, [13],
provided a detailed discussion of boundary conditions for turbomachinery. Scott suggests that
the important flow variables are; relative velocity, static pressure, static density, total temperature
and pressure, or total enthalpy, turbulent kinetic energy, k, and turbulent energy dissipation rate,
8. The magnitude and limits of the control surface enclosing the flow field of the turbine rotor
passage, is illustrated in Figure 4. The specific boundary conditions applied to this control
volume are described hereafter.
Initially, the values of the
dependent variables are specified
within the control volume. It is not
essential
that
the
initial
approximation to the flow field be
accurate because the aim is not to
follow the transient aspects of the
physical problem but, rather, to
obtain the steady-state solution. The
prescription of the inflow and outflow
boundary conditions is one of the
most important tasks. In theory, these
surfaces should be located far
upstream and far downstream of any
solid surface, where the influence of
the blade section under consideration
is negligible.
Figure 4
Rotor Blade Element Boundary Specification
CuiTent computer capability
and grid topographical restraints make it prohibitive to attempt to attain a model approaching the
ideal conditions. Hence, the inlet and outlet surfaces are located between one and one-half chord
lengths upstream and downstream of the blade.
The prescription of the boundary conditions at the inlet and exit boundaries depends upon
the flow regime and the nature of the solver equations. When the equations are solved in the
rotating co-ordinate system, most analysts prescribe the total relative temperature, the total
relative pressure, the flow angles and the relative velocity components at the inflow boundary,
where the axial velocity is subsonic. The static pressure is prescribed at the outlet, for subsonic
flow and the radial pressure distribution is determined taking radial equilibrium into
consideration.
If the k-8 model is employed for turbulence closure, the upstream value must be prescribed
for the turbulent kinetic energy and a value for the kinetic energy dissipation rate, approximated
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by some length scale. In applications such as a blade-to-blade analysis, the hydraulic diameter of
the inlet is used to approximate s.
To simulate infinite blade row conditions, it is essential to enforce periodic boundary
conditions upstream and downstream of the blade row. This is accomplished by equating the
dependent variables at the two periodic boundaries. A no slip boundary condition is imposed on
the relative velocity at all solid surfaces, ensuring that the normal component of the relative
velocity vector along the blade surface vanishes. The remaining dependent variables along the
blade surface are determined from the governing partial differential flow equations.
A two-dimensional i-j grid is used to discretise the turbine rotor passage domain. Upstream
of the blade passage the i-direction orientation of the grid lines is chosen to approximately follow
the flow direction, denoted by ^2- This is the no-shock entry condition, which corresponds to the
design operating point. The grid points are spaced around the suction surface near the leading
edge where the pressure and flow velocity vary rapidly. The grid line orientation downstream of
the blade is also chosen in the approximate flow direction, denoted by pj. This allows the
recalculation zone near the trailing edge and the wake mixing downstream to be captured with a
relatively fine grid. The grid line orientation in the j-direction is chosen to be approximately
tangential. The grid line orientations are illustrated in Figure 4 previously.
4.1

THE DEVELOPED STRUCTURAL MODEL

The term geometric modelling
pertains to the process of graphically
representing the shape and size of a
physical object. Two types of
geometric models exist - solid models
and surface models. Solid-modelling
systems are widely accepted as a
foundation for mechanical product
design. Solid models include detailed
geometric information about an
object. A solid model from a CAD
system may be integrated with
powerful F.E. analysis software to
offer the designer an efficient tool for
dealing
with
complex
design
problems. A SWIFT co-ordinate
measuring machine manufactured by

Figure 5
The
stage Pratt &
Whitney turbine blade
illustrating, inset, areas of high
geometric curvature at L.E., T.E.

by DBA was utilised to obtain topographical data on the T3 rotor blade. The measurement entailed
manually traversing a probe across the surface of the airfoil portion at discrete radial positions.
The spatial co-ordinates of the probe centrepoint were automatically detected at two milli
seconds intervals. These points were subsequently thinned before being stored, offset by an
amount equal to the radius of the probe head, and imported via Microsoft Excel into the ANSYS
F.E. software package as individual keypoints. An AutoLisp program was developed to import
the same data into the AutoCad draughting package, which enabled the blade gas angles to be
accurately measured, based upon the no shock design point entry condition. The airfoil outline
was subsequently defined in terms of lines and areas and skinned to form appropriate volumes.
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This model was subsequently intergrated with a simplified model of the root and shroud fixtures
to form the F.E. model.
The geometry of the airfoil portion of the T3 blade, together with the fillets at the hub and
tip radii have been represented in solid model form. The root and shroud fixtures have been
modelled in a simplified geometric form for the purpose of restraining the model in space in a
manner which is as near as possible to the restraints experienced in operation. For example, the
fir-tree mounting system used at the blade root firmly restrains the blade from moving in all three
co-ordinate directions, as in real gas turbine practice. Conversely the shroud fixture is free to
expand in the radial direction. In reality the blade is damped by adjacent blades in the axial and
tangential directions at the shroud. Software limitations have necessitated that the shroud be held
firmly in the axial and tangential directions.
Most finite element model formulations converge towards the correct solution as the size
of the individual finite elements is reduced. A sequence of models which incorporates successive
mesh refinement is thus proper. This process of mesh refinement is referred to as h-convergence,
and its reduction leads to solution convergence. A converged solution may also be achieved by
increasing the poynomial level of the finite element shape functions which are used to
approximate the real solution. This technique has become known as p-convergence and is the
method favoured by the author.
In areas such as the leading and trailing edges of the turbine blade airfoil, elements with
high p-levels are favoured as they more accurately follow the problem geometry. Conversely, in
order to minimise CPU time, the local p-level can be controled in regions of less importance,
such as the centre portion of the airfoil where curvature is far less pronounced.
The aerothermodynamic data obtained using the techniques detailed in Section 3, is applied
to variously leaned and bowed versions of this basic structural 3-dimensional finite element
(F.E.) model of the Pratt & Whitney third stage turbine blade.
5.1

DISCUSSION

Figures 6 and 7 respectively illustrate the positions of surface nodes and their total temperatures
for a sample 2-D section through the T3 turbine blade. This radial section is located
approximately 296mm from the engine centre-line. The pattern of nodes on each structural F.E.
model and on the corresponding radially positioned fluid flow models is identical. In this way
thennal data can be readily transferred between models. The fractional wetted perimeter method
is used to express the position of any
surface node, (and hence any associated
parameter), in terms of the distance
measured from the leading edge around the
pressure and suction faces, as a fraction of
the total 2-D wetted perimeter.
Structural analyses of variously
bowed and leaned T3 rotor blades have been
completed. Convergence criteria equivalent
to a 2.5% change in strain energy between
p-level iterations were stipulated. In all
Figure 6 Surface node positions
instances, models converged to a
significantly smaller value before the
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solution process was terminated. This facility for tracking element convergence during solution
removes the necessity for grid refinement studies which is commonly associated with h-type
elements. Structural finite element model results indicate that the global displacement of a
surface node, located for example at mid-span and mid-chord on the suction face of a
geometrically correct T3 blade, approaches one-fifth of a millimetre.
A one millimetre tangentially bowed
rotor blade displaces slightly less at a similar
location. Rotor blades with tangential lean
varying between one and two millimetres
Suction Face
Pressure Face
towards the suction face each displace by
approximately one-tenth of a millimetre at
this location. Finite element model results
indicate that the mid-span global deflection of
bowed T3 rotor blades increases rapidly with
increasing initial curvature. For example, a
two millimetre tangentially bowed rotor blade
0.41
0.47
Fractional Perimeter, x/S
displaces almost twice as much as it’s one
Figure 7
Total Temperature versus Fractional Wetted Perimeter
millimetre counterpart. These results clearly
indicate that, for a given engine power setting,
the centrifugal bending stresses in a
bowed blade will contribute to a significantly higher total stress level than those developed in a
comparable leaned turbine blade.
6.1

CONCLUSION

Full scale measurement as part of a design process has become economically impractical in
many fields. The design of aero gas turbine engines is no exception. This situation has led to an
increasing interest in the use of numerical modelling; specifically finite element modelling. The
steady improvement in the speed of computers has led to the emergence of finite element
techniques as an alternative and cost effective means of simulating real flows and real structures.
The finite element method has been used to obtain useful data describing the flow in a
turbine rotor blade passage and the response of a solid blade model to consequent structural
loading.
The results of the structural finite element models presented in this paper indicate that the
amount by which a bowed turbine blade will displace at mid-span increases with the amount of
initial bow, or curvature. These models also show that during operation, mid-span deflection of a
leaned blade is less significant than that of a bowed blade.
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Appendix C
Airfoil Section Nodal Co-ordinates

The following pages list the axial, tangential and radial co-ordinates of each finite
element node located on the wetted perimeter of sections of the Pratt & Whitney
JT8D T3 rotor blade airfoil. These two-dimensional sections are located at discrete
radial positions along the span of the airfoil. The co-ordinates represent the positions
of nodes at which finite element model structural results data is plotted by the author.

Section 6.2.3 of this report described the method by which a manual co-ordinate
measuring machine (C.M.M.) was used to scan the profile of the T3 airfoil. Eighteen
seperate profiles were scanned using the C.M.M. machine. These were located relative
to a datum point in the root fixture of the blade. This datum point is located at exactly
0.196217 mm from the engine centreline. The radial sections used to present finite
element results data are labeled Sections 1 to 8, Section 1 being located near the blade
shroud, Section 1 near the hub. Thus ;

Section 8 :

Datum + 0.02m

=

0.216217m from engine C/L

Section 7 :

Datum + 0.04m

=

0.236217m from engine C/L

Section 6 :

Datum + 0.06m

=

0.256217m from engine C/L

Section 5 ;

Datum + 0.08m

=

0.276217m from engine C/L

Section 4 :

Datum + 0.10m

Section 3 :

Datum + 0.12m

=

0.316217m from engine C/L

Section 2 ;

Datum + 0.14m

=

0.336217m from engine C/L

Section 1 :

Datum + 0.16m

0.296217m from engine C/L

0.356217m from engine C/L

Variously leaned and bowed finite element models of the T3 rotor blade were
constructed by manipulating the geometry of this origional, geometrically correct
blade.

C-1

Section 1 - Profile

Figure C.l

1

Section 1 Profile for a Geometrically Correct Airfoil

0.356217m
Nodal Co-ordinates, in

axial, X
1.E -1.1105E-02
-1.1118E-02
-1.1073E-02
-1.0836E-02
-1.0532E-02
-1.0161E-02
P -9.7188E-03
r -9.1924E-03
e -7.5745E-03
s -5.9659E-03
s -4.3898E-03
u -2.8562E-03
r -1.3750E-03
e 4.0779E-05
1.3854E-03
f 2.6498E-03
a 3.8531E-03
5.0249E-03
c
6.1567E-03
e
7.2368E-03
8.3030E-03

whirl, y
8.6061E-03
8.445 lE-03
8.2922E-03
8.1779E-03
8.088 lE-03
8.0162E-03
7.9448E-03
7.8588E-03
7.5707E-03
7.2355E-03
6.7712E-03
6.1816E-03
5.4706E-03
4.6369E-03
3.6928E-03
2.6435E-03
1.5244E-03
3.7207E-04
-8.1911E-04
-2.0577E-03
-3.3084E-03

Table C.l

Nodal Co-ordinates, m
axial, X
9.3347E-03
1.0361E-02
1.1354E-02
1.1720E-02
1.1977E-02
1.2157E-02
1.2287E-02
1.2395E-02
1.2514E-02
TE 1.2637E-02
1.2731E-02
1.2758E-02
1.2728E-02
s
u
1.2648E-02
c
1.2520E-02
1.2330E-02
t
i
1.2053E-02
1.1124E-02
0
n
1.0177E-02
9.2049E-03
8.2119E-03

whirl, y
-4.5877E-03
-5.8713E-03
-7.1803E-03 f
-7.6518E-03 a
-7.9869E-03 c
-8.2245E-03 e
-8.3905E-03
-8.4928E-03
-8.5279E-03
-8.5069E-03
-8.4252E-03
-8.3054E-03
-8.1672E-03
-7.9835E-03
-7.7308E-03
-7.3779E-03
-6.8836E-03
-5.3546E-03
-3.8365E-03 LE
-2.3344E-03
-8.4597E-04

Nodal Co-ordinates, m
axial, X
7.1765E-03
6.1126E-03
5.0214E-03
3.8058E-03
2.5292E-03
1.1712E-03
-3.4783E-04
-2.0047E-03
-3.7180E-03
-5.4920E-03
-7.2812E-03
-9.061 lE-03
-9.5892E-03
-1.0028E-02
-1.0391E-02
-1.0692E-02
-1.0925E-02
-1.1042E-02
-1.1105E-02

whirl, y
6.1323E-04
2.0519E-03
3.4697E-03
4.7819E-03
6.0356E-03
7.1980E-03
8.1395E-03
8.8124E-03
9.3138E-03
9.5318E-03
9.5292E-03
9.3596E-03
9.2854E-03
9.1929E-03
9.0922E-03
8.9928E-03
8.8647E-03
8.7536E-03
8.6061E-03

Co-ordinates of surface nodes at Section 1

C-2

Section 2 - Profile

Figure C.2

2

Section 2 Profile for a Geometrically Correct Airfoil

0.336217m
Nodal Co-ordinates, m

axial, X
LE -1.1305E-02
-1.1283E-02
-1.1181E-02
-1.0947E-02
-1.0636E-02
-1.0264E-02
P -9.8220E-03
r -9.2974E-03
e -7.7025E-03
s -6.1111E-03
s -4.5451E-03
u -3.0144E-03
r -1.5294E-03
e -9.9550E-05
1.2655E-03
f 2.5598E-03
a 3.7994E-03
c 4.9590E-03
e 6.0665E-03
7.1816E-03
8.2985E-03

whirl, y
7.3693E-03
7.1791E-03
7.0163E-03
6.8980E-03
6.8480E-03
6.7986E-03
6.7389E-03
6.6597E-03
6.4327E-03
6.1849E-03
5.8091E-03
5.3086E-03
4.6856E-03
3.9445E-03
3.0899E-03
2.1313E-03
1.1036E-03
-1.2301E-05
-1.1821E-03
-2.3446E-03
-3.5054E-03

Table C.2

Nodal Co-ordinates, m
axial, X
9.3891E-03
1.0450E-02
1.1514E-02
1.1971E-02
1.2294E-02
1.2523E-02
1.2690E-02
1.2827E-02
1.2958E-02
TE 1.3089E-02
1.3166E-02
1.3157E-02
s
1.3096E-02
u
1.2991E-02
c
1.2832E-02
1.2601E-02
t
i
1.2262E-02
0
1.1323E-02
n
1.0380E-02
9.3986E-03
8.3884E-03

whirl, y
-4.6909E-03
-5.9029E-03
-7.1126E-03 f
-7.6332E-03 a
-8.0012E-03 c
-8.2613E-03 e
-8.4404E-03
-8.5451E-03
-8.5833E-03
-8.5574E-03
-8.4486E-03
-8.3131E-03
-8.1687E-03
-7.9733E-03
-7.7027E-03
-7.3237E-03
-6.7952E-03
-5.2935E-03
-3.7946E-03 LE
-2.3204E-03
-8.6572E-04

Nodal Co-ordinates, m
axial, X
7.3693E-03
6.2618E-03
5.0403E-03
3.8205E-03
2.4715E-03
1.0467E-03
-5.2429E-04
-2.1630E-03
-3.8737E-03
-5.6353E-03
-7.4058E-03
-9.1394E-03
-9.6969E-03
-1.0162E-02
-1.0548E-02
-1.0862E-02
-l.lllOE-02
-1.1244E-02
-1.1305E-02

whirl, y
5.8270E-04
1.9636E-03
3.2459E-03
4.5298E-03
5.6759E-03
6.7270E-03
7.5434E-03
8.2123E-03
8.6624E-03
8.8244E-03
8.8024E-03
8.4647E-03
8.2919E-03
8.1357E-03
7.9897E-03
7.8414E-03
7.6889E-03
7.551 lE-03
7.3693E-03

Co-ordinates of surface nodes at Section 2

C-3

Section 2 - Profile
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Figure C.3

3

Section 3 Profile for a Geometrically Correct Airfoil

0.316217m
Nodal Co-ordinates, m

axial, X
LE -1.1478E-02
-1.1451E-02
-1.1337E-02
-1.1085E-02
-1.0770E-02
-1.0393E-02
P -9.9415E-03
r -9.4055E-03
e -7.8339E-03
s -6.2662E-03
s -4.7157E-03
u -3.1915E-03
r -1.7042E-03
e -2.5719E-04
1.1336E-03
f 2.4716E-03
a 3.7366E-03
c 4.9756E-03
e 6.1702E-03
7.3473E-03
8.4897E-03

whirl, y
5.9538E-03
5.7861E-03
5.6617E-03
5.5740E-03
5.5173E-03
5.4733E-03
5.4450E-03
5.404 lE-03
5.2370E-03
5.0349E-03
4.7305E-03
4.3129E-03
3.7788E-03
3.1435E-03
2.3927E-03
1.5523E-03
6.0480E-04
-3.7684E-04
-1.4110E-03
-2.4657E-03
-3.5578E-03

Table C.3

Nodal Co-ordinates, m
axial, X
9.5700E-03
1.0651E-02
1.1728E-02
1.2153E-02
1.2496E-02
1.2792E-02
1.3051E-02
1.3303E-02
1.3423E-02
TE 1.3543E-02
1.3621E-02
1.3627E-02
s
1.3528E-02
u
1.3355E-02
c
1.3147E-02
1.2882E-02
t
i
1.2584E-02
0
1.1636E-02
n
1.0655E-02
9.6650E-03
8.6504E-03

whirl, y
-4.7117E-03
-5.8646E-03
-7.0216E-03 f
-7.4929E-03 a
-7.9014E-03 c
-8.2393E-03 e
-8.5135E-03
-8.7039E-03
-8.735 lE-03
-8.7036E-03
-8.6081E-03
-8.4838E-03
-8.2144E-03
-7.9166E-03
-7.5635E-03
-7.1549E-03
-6.6584E-03
-5.1702E-03
-3.7030E-03 LE
-2.2419E-03
-7.9786E-04

Nodal Co-ordinates, m
axial, X
7.5983E-03
6.4713E-03
5.2208E-03
3.8929E-03
2.5091E-03
9.9120E-04
-6.0287E-04
-2.2804E-03
-4.0128E-03
-5.7745E-03
-7.5290E-03
-9.2293E-03
-9.8355E-03
-1.0338E-02
-1.0755E-02
-l.llOlE-02
-1.1362E-02
.1.1444E-02
-1.1478E-02

whirl, y
6.1905E-04
1.9762E-03
3.2209E-03
4.3832E-03
5.4777E-03
6.3758E-03
7.1307E-03
7.6776E-03
8.0005E-03
8.0689E-03
7.8933E-03
7.4378E-03
7.1532E-03
6.8992E-03
6.6743E-03
6.4774E-03
6.2706E-03
6.121 lE-03
5.9538E-03

Co-ordinates of surface nodes at Section 3

C-4

Section 4 - Profile

Figure C.4

4

Section 4 Profile for a Geometrically Correct Airfoil

0.296217m
Nodal Co-ordinates, m

axial, X
LE -1.1313E-02
-1.1261E-02
-1.1166E-02
-1.0980E-02
-1.0712E-02
-1.0384E-02
P -9.9941E-03
r -9.5304E-03
e -7.9844E-03
s -6.4473E-03
s -4.9223E-03
u -3.4149E-03
r -1.9308E-03
e -4.7219E-04
9.4455E-04
f 2.3168E-03
a 3.6454E-03
c 4.9313E-03
e 6.1755E-03
7.3745E-03
8.5501E-03

whirl, y
4.5526E-03
4.3922E-03
4.2532E-03
4.1165E-03
4.0601E-03
4.0395E-03
4.0192E-03
3.9958E-03
3.9201E-03
3.7450E-03
3.4803E-03
3.1298E-03
2.6907E-03
2.1730E-03
1.5507E-03
8.3478E-04
4.1394E-05
-8.2016E-04
-1.7408E-03
-2.7197E-03
-3.7266E-03

Table C.4

Nodal Co-ordinates, m
axial, X
9.6952E-03
1.0799E-02
1.1887E-02
1.2488E-02
1.2944E-02
1.3289E-02
1.3540E-02
1.3786E-02
1.3941E-02
TE 1.4088E-02
1.4166E-02
1.4159E-02
s
1.4079E-02
u
1.3920E-02
c
1.3675E-02
t
1.3358E-02
i
1.2938E-02
1.1962E-02
0
n
1.0976E-02
9.9188E-03
8.8480E-03

whirl, y
-4.7680E-03
-5.8534E-03
-6.9545E-03 f
-7.5715E-03 a
-8.0393E-03 c
-8.3945E-03 e
-8.6729E-03
-8.8086E-03
-8.8355E-03
-8.8001E-03
-8.6666E-03
-8.5114E-03
-8.2739E-03
-7.985 lE-03
-7.6232E-03
-7.1423E-03
-6.5081E-03
-5.0337E-03
-3.5668E-03 LE
-2.1494E-03
-7.4305E-04

Nodal Co-ordinates, m
axial, X
7.7260E-03
6.5419E-03
5.2849E-03
3.9267E-03
2.4632E-03
9.0014E-04
-7.3645E-04
-2.4494E-03
-4.2090E-03
-5.9730E-03
-7.6893E-03
-9.3372E-03
-9.9033E-03
-1.0368E-02
-1.0753E-02
-1.1073E-02
-1.1277E-02
-1.1320E-02
-1.1313E-02

whirl, y
6.2196E-04
1.9337E-03
3.1768E-03
4.3066E-03
5.2963E-03
6.1203E-03
6.7881E-03
7.1867E-03
7.3461E-03
7.2568E-03
6.8386E-03
6.2039E-03
5.8846E-03
5.5970E-03
5.3456E-03
5.1283E-03
4.8841E-03
4.7210E-03
4.5526E-03

Co-ordinates of surface nodes at Section 4

C-5

Section 5 - Profile
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Figure C.5

Section 5 Profile for a Geometrically Correct Airfoil

0.276217m
Nodal Co-ordinates, m
axial, X
LE -1.1655E-02
-1.1619E-02
-1.1522E-02
-1.1318E-02
-l.lOllE-02
-1.0631E-02
P -1.0178E-02
r -9.6399E-03
e -8.0884E-03
s -6.5412E-03
s -5.0044E-03
u -3.4826E-03
r -1.9722E-03
e -4.8262E-04
9.6647E-04
f 2.3817E-03
a 3.7691E-03
c
5.1142E-03
e 6.0868E-03
7.3747E-03
8.6185E-03

whirl, y
3.3935E-03
3.1965E-03
3.0209E-03
2.8485E-03
2.7638E-03
2.7529E-03
2.7513E-03
2.7446E-03
2.7103E-03
2.6088E-03
2.4001E-03
2.0959E-03
1.7398E-03
1.3050E-03
7.5065E-04
1.1395E-04
-5.8121E-04
-1.3550E-03
-1.9923E-03
-2.8571E-03
-3.785 lE-03

Table C.5

Nodal Co-ordinates, m
axial, X
9.8138E-03
1.0973E-02
1.2115E-02
1.2810E-02
1.3296E-02
1.3627E-02
1.3869E-02
1.4070E-02
1.4224E-02
TE 1.4379E-02
1.4435E-02
1.4419E-02
s
1.4348E-02
u
1.4192E-02
c
1.3962E-02
t
1.3641E-02
i
1.3183E-02
0
1.2191E-02
n
1.1183E-02
1.0139E-02
9.0412E-03

whirl, y
-4.7747E-03
-5.8065E-03
-6.8577E-03 f
-7.5284E-03 a
-8.0081E-03 c
-8.3606E-03 e
-8.6008E-03
-8.7332E-03
-8.7756E-03
-8.7501E-03
-8.6084E-03
-8.4496E-03
-8.2498E-03
-7.9922E-03
-7.6332E-03
-7.1227E-03
-6.4042E-03
-4.9415E-03
-3.4901E-03 LE
-2.0648E-03
-6.8029E-04

Nodal Co-ordinates, m
axial, X
7.8803E-03
6.6788E-03
5.3703E-03
3.9453E-03
2.4243E-03
8.1075E-04
-8.7153E-04
-2.6197E-03
-4.3859E-03
-6.1370E-03
-7.8236E-03
-9.431 lE-03
-1.0038E-02
-1.0539E-02
-1.0953E-02
-1.1278E-02
-1.1528E-02
-1.1631E-02
-1.1655E-02

whirl, y
6.5183E-04
1.9469E-03
3.1335E-03
4.1772E-03
5.0740E-03
5.7933E-03
6.3277E-03
6.5712E-03
6.5968E-03
6.3836E-03
5.8604E-03
5.1307E-03
4.8009E-03
4.5090E-03
4.2498E-03
4.0003E-03
3.7625E-03
3.5927E-03
3.3935E-03

Co-ordinates of surface nodes at Section 5

C-6

Section 6 - Profile

10

.

8 i
6

Figure C.6

6

Section 6 Profile for a Geometrically Correct Airfoil

0.256217m
Nodal Co-ordinates, m

axial, X
LE -1.1886E-02
-1.1819E-02
-1.1623E-02
-1.1376E-02
-1.1066E-02
-1.0697E-02
P -1.0258E-02
r -9.7366E-03
e -8.2246E-03
s -6.7135E-03
s -5.2072E-03
u -3.7093E-03
r -2.2235E-03
e -7.5258E-04
6.9974E-04
f 2.1212E-03
a 3.5148E-03
c 4.8748E-03
e 6.1998E-03
7.4869E-03
8.7410E-03

whirl, y
2.1903E-03
1.8825E-03
1.6405E-03
1.5661E-03
1.5697E-03
1.5905E-03
1.6124E-03
1.6390E-03
1.6410E-03
1.5809E-03
1.4476E-03
1.2394E-03
9.5797E-04
6.0665E-04
1.8537E-04
-3.3051E-04
-9.1768E-04
-1.5790E-03
-2.3078E-03
-3.1019E-03
-3.9470E-03

Table C.6

Nodal Co-ordinates, m
axial, X
9.9594E-03
1.1138E-02
1.2272E-02
1.2965E-02
1.3445E-02
1.3803E-02
1.4060E-02
1.4261E-02
1.4391E-02
TE 1.4523E-02
1.4596E-02
1.4637E-02
1.4609E-02
s
1.4455E-02
u
c
1.4230E-02
1.3901E-02
t
1.3435E-02
i
1.2453E-02
0
n
1.1426E-02
1.0359E-02
9.2319E-03

whirl, y
-4.8429E-03
-5.7904E-03
-6.7909E-03 f
-7.4478E-03 a
-7.9229E-03 c
-8.2388E-03 e
-8.4587E-03
-8.5852E-03
-8.6173E-03
-8.6024E-03
-8.4950E-03
-8.3674E-03
-8.1577E-03
-7.8957E-03
-7.5296E-03
-7.0197E-03
-6.2972E-03
-4.8377E-03
-3.4090E-03 LE
-2.0100E-03
-6.6064E-04

Nodal Co-ordinates, m
axial, X
8.0487E-03
6.7621E-03
5.3584E-03
3.8763E-03
2.3102E-03
6.7736E-04
-1.0353E-03
-2.7827E-03
-4.5395E-03
-6.2727E-03
-7.9461E-03
-9.5138E-03
-1.0112E-02
-1.0604E-02
-1.1005E-02
-1.1325E-02
-1.1581E-02
-1.1790E-02
-1.1886E-02

whirl, y
6.4184E-04
1.8394E-03
2.9002E-03
3.8462E-03
4.6454E-03
5.2994E-03
5.6993E-03
5.8975E-03
5.8164E-03
5.5180E-03
4.9822E-03
4.1853E-03
3.8281E-03
3.5112E-03
3.2244E-03
2.9615E-03
2.7261E-03
2.4880E-03
2.1903E-03

Co-ordinates of surface nodes at Section 6

C-7

Section 7- Profile

Figure C.7

7

Section 7 Profile for a Geometrically Correct Airfoil

0.236217m
Nodal Co-ordinates, m

axial, X
whirl, y
LE -1.2208E-02 9.8319E-04
-1.2154E-02 7.3087E-04
-1.2006E-02 5.1945E-04
-1.1741E-02 3.7338E-04
-1.1382E-02 3.6807E-04
-1.0953E-02 4.2425E-04
P -1.0443E-02 4.8935E-04
r -9.8335E-03 5.3199E-04
e -8.3221E-03 6.2020E-04
s -6.8091E-03 6.7000E-04
s -5.2954E-03 6.7759E-04
u -3.7879E-03 5.3757E-04
r -2.2850E-03 3.5635E-04
e -7.9782E-04 7.7691E-05
6.7688E-04 -2.6345E-04
f 2.1306E-03 -6.8445E-04
a 3.5575E-03 -1.1899E-03
c 4.9545E-03 -1.7724E-03
e 6.3234E-03 -2.4166E-03
7.6584E-03 -3.1306E-03
8.9432E-03 -3.9304E-03

Table C.7

Nodal Co-ordinates, m
axial, X
1.0192E-02
1.1397E-02
1.2564E-02
1.3245E-02
1.3727E-02
1.4068E-02
1.4309E-02
1.4492E-02
1.4648E-02
TE 1.4798E-02
1.4857E-02
1.4828E-02
s
1.4745E-02
1.4601E-02
u
c
1.4396E-02
1.4107E-02
t
i
1.3699E-02
1.2703E-02
0
n
1.1694E-02
1.0585E-02
9.4198E-03

whirl, y
-4.7869E-03
-5.7024E-03
-6.6668E-03 f
-7.2822E-03 a
-7.7167E-03 c
-8.0237E-03 e
-8.2399E-03
-8.3772E-03
-8.4141E-03
-8.3652E-03
-8.2192E-03
-8.0615E-03
-7.8855E-03
-7.6506E-03
-7.3192E-03
-6.8495E-03
-6.1853E-03
-4.7567E-03
-3.3356E-03 LE
-1.9912E-03
-6.9841E-04

Nodal Co-ordinates, m
axial, X
8.1522E-03
6.7897E-03
5.3555E-03
3.8062E-03
2.2042E-03
5.3910E-04
-1.1855E-03
-2.9254E-03
-4.6624E-03
-6.3764E-03
-8.0218E-03
-9.6022E-03
-1.0295E-02
-1.0858E-02
-1.1315E-02
-1.1693E-02
-1.2008E-02
-1.2156E-02
-1.2208E-02

whirl, y
4.9720E-04
1.5831E-03
2.5700E-03
3.3671E-03
4.0516E-03
4.5594E-03
4.8071E-03
4.8974E-03
4.7862E-03
4.4792E-03
3.9091E-03
3.1749E-03
2.7501E-03
2.3594E-03
2.0092E-03
1.7054E-03
1.4477E-03
1.2356E-03
9.8319E-04

Co-ordinates of surface nodes at Section 7

C-8

Section 8 - Profile

Figure C.8
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Section 8 Profile for a Geometrically Correct Airfoil

0.216217m
Nodal Co-ordinates, m
axial, X
-1.24E-02
-1.23E-02
-1.21E-02
-1.18E-02
-1.15E-02
-l.lOE-02
-1.05E-02
-9.92E-03
-8.41E-03
-6.88E-03
-5.35E-03
-3.82E-03
-2.30E-03
-7.74E-04
7.36E-04
2.23E-03
3.70E-03
5.14E-03
6.56E-03
7.93E-03
9.28E-03

whirl, y
-2.70E-04
-5.32E-04
-7.31E-04
-8.25E-04
-7.84E-04
-6.94E-04
-6.02E-04
-4.98E-04
-3.11E-04
-1.82E-04
-9.99E-05
-7.39E-05
-1.70E-04
-3.13E-04
-5.55E-04
-8.91E-04
-1.32E-03
-1.81E-03
-2.40E-03
-3.08E-03
-3.80E-03
Table C.8

Nodal Co-ordinates, m

TE

s
u
c
t
i
0
n

axial, X
1.06E-02
1.18E-02
1.30E-02
1.36E-02
1.40E-02
1.43E-02
1.45E-02
1.47E-02
1.48E-02
1.50E-02
1.50E-02
1.50E-02
1.50E-02
1.48E-02
1.46E-02
1.44E-02
1.40E-02
1.30E-02
1.20E-02
1.09E-02
9.62E-03

whirl, y
-4.64E-03
-5.53E-03
-6.48E-03
-7.02E-03
-7.42E-03
-7.69E-03
-7.87E-03
-7.99E-03
-8.05E-03
-8.00E-03
-7.85E-03
-7.69E-03
-7.53E-03
-7.32E-03
-7.04E-03
-6.63E-03
-6.06E-03
-4.64E-03
-3.25E-03
-1.92E-03
-6.95E-04

Nodal Co-ordinates, m

f
a
c
e

LE

axial, X
8.31E-03
6.88E-03
5.34E-03
2.10E-03
3.96E-04
-3.07E-03
-1.33E-03
-3.07E-03
-4.79E-03
-6.48E-03
-8.14E-03
-9.69E-03
-1.04E-02
-l.lOE-02
-1.15E-02
-1.19E-02
-1.22E-02
-1.23E-02
-1.24E-02

whirl, y
4.37E-04
1.41E-03
2.22E-03
3.44E-03
3.77E-03
3.95E-03
3.93E-03
3.95E-03
3.79E-03
3.41E-03
2.89E-03
2.13E-03
1.64E-03
1.22E-03
8.63E-04
5.52E-04
2.55E-04
4.48E-06
-2.70E-04

Co-ordinates of surface nodes at Section 8

C-9

Appendix D
Thermal Finite element Model Results

This Appendix tabulates detailed results which are referred to in Chapter of this
report. The data in this appendix was obtained from the ANSYS/Flotran
computational fluid dynamics postprocessor module. Selection criteria were used to
activate specified surface nodes. Nodal data was listed in fixed width format from the
ANSYS/Flotran

results database and graphically presented within the Microsoft

Excel spreadsheet application.

Section 1 - Nodal Total Tenperature

. TTOT

Fraction, x, of Wetted Perimeter, S

Figure D.l

L.E.

P
r
e
s
s
u
r
e

f
a
c
e

x/S
0.000
0.002
0.004
0.009
0.014
0.021
0.029
0.038
0.067
0.096
0.124
0.153
0.180
0.207
0.234
0.260
0.286
0.311
0.336
0.361
0.385

Nodal Temperature distribution - Section 1

TTOT, (Kelvin)

1076.8
1067.7
1067.4
1068.5
1068.8
1068.8
1068.6
1068.4
1068.3
1068.2
1068.2
1068.5
1069.3
1070.2
1071.22
1072.32
1073.2
1074.14
1075.1
1076.16
1077.35
Table D.l

T.E.

x/S
0.407
0.434
0.407
0.434
0.458
0.467
0.473
0.477
0.480
0.483
0.485
0.487
0.489
0.491
0.492
0.495
0.499
0.505
0.513
0.538
0.563

TTOT, (Kelvin)

1078.78
1080.6
1078.78
1080.6
1081.5
1082.8
1084.8
1087
1089.5
1082.6
1082.5
1082.2
1082.2
1085.6
1089.2
1089.2
1089.1
1089
1088.9
1089.5
1090.5

s
u
c
t
i
0
n

f
a
c
e

L.E.

x/S
0.589
0.614
0.640
0.666
0.693
0.720
0.742
0.776
0.810
0.836
0.867
0.898
0.930
0.962
0.971
0.979
0.985
0.991
0.995
0.998
1.000

TTOT, (Kelvin)

1091.34
1092.14
1092.95
1093.4
1092.1
1090.64
1089.2
1086
1081.6
1079
1075.8
1073.6
1071.7
1070.3
1069.8
1069.3
1068.7
1068.1
1067.2
1068
1076.8

Thermal data corresponding to Section 1, Figure D.l

D-2

Section 2 - Nodal Total Tenperature

TTOT

Fraction, x, ofWetted Perimeter, S

Figure D.2

L.E.

P
r
e
s
s
u
r
e

f
a
c
e

Nodal Temperature distribution - Section 2

x/S

TTOT, (Kelvin)

x/S

TTOT, (Kelvin)

x/S

TTOT, (Kelvin)

0
0.002
0.005
0.009
0.015
0.022
0.029
0.039
0.067
0.095
0.123
0.151
0.178
0.205
0.231
0.257
0.282
0.307
0.331
0.355

1080.1
1062.3
1059.8
1060.9
1061.8
1061.6
1061.1
1060.9
1060.6
1060.4
1060.4
1060.9
1061.7
1062.8
1064.1
1064.8
1065.9
1069.4
1070.5
1071.1

0.380
0.404
0.428
0.452
0.462
0.470
0.475
0.478
0.481
0.484
0.486
0.488
0.489
0.492
0.495
0.499
0.505
0.514
0.539
0.564

1072.1
1073.2
1074.3
1075.6
1076.6
1078.7
1081.2
1082.8
1074.4
1075
1075.8
1076.1
1076.6
1078.5
1078
1077.8
1077.5
1078.4
1079.9
1081.31

0.589
0.615
0.640
0.666
0.693
0.719
0.747
0.775
0.805
0.835
0.869
0.897
0.928
0.959
0.969
0.977
0.984
0.990
0.995
0.997
1.000

1083.1
1084.7
1083
1082.2
1082
1081.8
1079.1
1076
1073.4
1070.7
1067.9
1065.89
1063.6
1061.9
1061.3
1060.7
1060.1
1059.6
1058
1064.8
1080.1

T.E.

s
u
c
t
i
o
n

f
a
c
e

L.E.
Table D.2

Thermal data corresponding to Section 2, Figure D.2.
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Section 3 - Nodal Total Temperature

TTOT

Fraction, x, of Wetted Perimeter, S

Figure D.3

L.E.

P
r
e
s
s
u
r
e

f
a
c
e

x/S
0.000
0.002
0.005
0.009
0.015
0.021
0.029
0.038
0.066
0.093
0.120
0.147
0.174
0.200
0.226
0.252
0.276
0.301
0.325
0.350

Nodal Temperature distribution - Section 3

TTOT, (Kelvin)

1125.3
1070.9
1052.6
1057.5
1059.4
1058.3
1058
1057.7
1057.7
1058
1058.2
1058.6
1059.9
1061.5
1063.1
1064.6
1066.2
1067.5
1068.9
1070.9

T.E.

x/S
0.374
0.397
0.421
0.444
0.454
0.461
0.468
0.474
0.478
0.481
0.483
0.485
0.486
0.490
0.495
0.500
0.507
0.515
0.540
0.564

TTOT, (Kelvin)

1073.1
1075
1077.6
1079.6
1080.4
1082.2
1085
1088.1
1079.7
1079.5
1079.3
1079
1085.2
1087.2
1087.2
1086.5
1087.9
1088.8
1089.4
1091.5

s
u
c
t
i
o
n

f
a
c
e

L.E.
Table D.3

x/S
0.589
0.614
0.639
0.665
0.692
0.719
0.746
0.775
0.804
0.832
0.865
0.895
0.926
0.956
0.967
0.976
0.984
0.990
0.996
0.998
1.000

TTOT, (Kelvin)

1094.3
1097.6
1094.9
1090.2
1089.4
1088.6
1084
1079.6
1075.3
1071.6
1067.4
1063.7
1060.4
1057.9
1056.6
1055.5
1054.4
1053.4
1050
1062.5
1125.3

Thermal data corresponding to Section 3, Figure D.3
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Section 4 - Nodal Total Temperature

^^—Series^

Fraction, x, ofWetted Perimeter, S

Figure D.4

L.E.

P
r
e
s
s
u
r
e

f
a
c
e

x/S
0
0.002
0.005
0.008
0.013
0.019
0.025
0.033
0.060
0.087
0.113
0.140
0.166
0.192
0.218
0.243
0.268
0.292
0.317
0.341

Nodal Temperature distribution - Seetion 4

TTOT, (Kelvin)

1101.70
1059.40
1046.50
1047.00
1049.20
1049.70
1048.30
1047.70
1047.50
1047.40
1047.70
1048.10
1048.50
1049.30
1050.60
1052.40
1052.90
1054.30
1055.50
1056.90

Table D.4

T.E.

x/S
0.364
0.388
0.411
0.434
0.447
0.457
0.464
0.470
0.474
0.477
0.480
0.482
0.484
0.487
0.491
0.497
0.505
0.516
0.541
0.566

TTOT, (Kelvin)

1058.30
1060.10
1061.50
1062.30
1062.90
1064.00
1065.60
1065.00
1062.40
1057.80
1057.00
1058.90
1063.50
1064.40
1063.80
1063.70
1064.00
1064.20
1064.60
1065.50

s
u
c
t
i
o
n

f
a
c
e

L.E.

x/S
0.591
0.616
0.642
0.668
0.694
0.721
0.749
0.778
0.808
0.838
0.868
0.899
0.929
0.958
0.969
0.978
0.985
0.991
0.996
0.998
1.000

TTOT, (Kelvin)

1067.10
1067.70
1068.10
1067.80
1066.50
1064.70
1062.53
1060.20
1058.00
1055.90
1053.70
1051.50
1049.60
1048.10
1047.20
1046.50
1045.70
1045.10
1040.80
1057.30
1101.70

Thermal data corresponding to Section 4, Figure D.4
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Section 5 - Nodal Total Tenperature

TTOT

Fraction, x, of Wetted Perimeter, S

Nodal Temperature distribution - Section 5

Figure D.5

L.E.

P
r
e
s
s
Ll
r
e

f
a
c
e

x/S
0.000
0.002
0.005
0.009
0.015
0.021
0.029
0.038
0.064
0.091
0.117
0.144
0.170
0.196
0.221
0.247
0.272
0.297
0.315
0.339

TTOT, (Kelvin)

x/S

TTOT, (Kelvin)

1068.9
1045.5
1040.6
1042.9
1044
1044.5
1044
1043.4
1043.6
1044
1044.7
1045.5
1046.38
1047.2
1048.1
1048.6
1049.1
1050.6
1051.61
1053.1

0.363
0.387
0.410
0.434
0.448
0.458
0.465
0.470
0.474
0.477
0.479
0.481
0.483
0.486
0.490
0.496
0.504
0.516
0.540
0.565

1054.8
1056.6
1058.3
1059.7
1060.7
1062.7
1063.1
1064.9
1060.6
1053.4
1061
1061.4
1065.8
1067.7
1067.5
1068
1068.3
1068.8
1070.3
1071.6

T.E.

s
u
c
t
i
0
n

f
a
c
e

L.E.
Table D.5

x/S
0.590
0.615
0.640
0.666
0.693
0.720
0.748
0.777
0.809
0.837
0.867
0.897
0.926
0.955
0.966
0.976
0.983
0.990
0.995
0.998
1.000

TTOT, (Kelvin)

1072
1073.4
1074.5
1071.8
1070.5
1069.3
1064.7
1062.05
1058.4
1055.2
1052.45
1048.9
1046.5
1044.3
1043.2
1042.2
1041.2
1040.5
1038
1048.6
1068.9

Thermal data corresponding to Section 5, Figure D.5
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Section 6 - Nodal Total Tenperature

TTOT

Fraction, x, of Wetted Perimeter

Nodal Temperature distribution - Seetion 6

Figure D.6

F.E.

P
r
e
s
s
Ll

r
e

f
a
c
e

x/S
0.000
0.004
0.008
0.013
0.018
0.024
0.032
0.040
0.066
0.092
0.117
0.143
0.168
0.194
0.222
0.244
0.267
0.293
0.317
0.341

TTOT, (Kelvin)

1031.2
1034.9
1036
1038.1
1043.5
1043.9
1042.1
1041.4
1041.6
1042.4
1043
1043.8
1044.4
1045.32
1047.4
1049
1050.1
1052.4
1054.1
1055.8

T.E.

x/S
0.365
0.388
0.411
0.434
0.448
0.458
0.465
0.470
0.474
0.476
0.478
0.480
0.482
0.484
0.488
0.494
0.502
0.514
0.538
0.563

TTOT, (Kelvin)

1057.8
1061.5
1066.5
1067.1
1067.4
1068.2
1070.2
1071.2
1062.3
1060.75
1059.2
1057.6
1056.7
1055.8
1056.9
1057.1
1057.4
1058.5
1059.3
1061.4

s
u
c
t
i
0
n

f
a
c
e

L.E.
Table D.6

x/S
0.588
0.613
0.638
0.664
0.691
0.719
0.747
0.776
0.805
0.835
0.865
0.895
0.924
0.952
0.963
0.972
0.980
0.986
0.992
0.996
1.000

TTOT, (Kelvin)

1062
1063.7
1061.5
1060.13
1058.7
1057.1
1055.53
1052.9
1050.08
1047
1044.5
1041.8
1039.1
1037.9
1036.8
1036
1035.3
1034.5
1033.1
1031.9
1031.2

Thermal data corresponding to Section 6, Figure D.6
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Section 7 - Nodal Total Tenperature

TTOT

Nodal Temperature distribution - Section 7

Figure D.7

L.E.

P
r
e
s
s
Ll

r
e

f
a
c
e

x/S
0.000
0.003
0.007
0.011
0.018
0.025
0.033
0.044
0.069
0.095
0.120
0.146
0.171
0.196
0.221
0.246
0.271
0.296
0.320
0.344

TTOT, (Kelvin)

1044.2
1027.0
1027.8
1026.6
1030.6
1032.7
1029.4
1028.6
1028.5
1028.7
1029.3
1029.6
1030.3
1030.7
1031.5
1031.9
1032.2
1032.3
1033.7
1033.9

T.E.

x/S
0.368
0.391
0.414
0.437
0.450
0.460
0.466
0.472
0.475
0.478
0.480
0.482
0.484
0.487
0.490
0.496
0.505
0.514
0.537
0.561

TTOT, (Kelvin)

1034.9
1036.4
1038.2
1038.7
1038.5
1039.1
1039.4
1040.4
1038.3
1042.6
1040.3
1037.9
1036.0
1035.9
1035.8
1035.8
1036.2
1036.4
1037.6
1038.1

s
u
c
t
i
0
n

f
a
c
e

L.E.
Table D.7

x/S
0.586
0.611
0.637
0.663
0.690
0.718
0.746
0.774
0.804
0.833
0.862
0.891
0.920
0.948
0.961
0.971
0.980
0.987
0.993
0.997
1.000

TTOT, (Kelvin)

1038.3
1038.5
1038.1
1036.9
1036.6
1036.3
1035.8
1034.3
1033.7
1032.5
1031.4
1030.4
1029.5
1028.6
1028.2
1027.7
1027.2
1026.8
1025.3
1029.7
1044.2

Thermal data corresponding to Section 7, Figure D.7
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Sections - Nodal Total Tenperature

.TTOT

Figure D.8

L.E.

P
r
e
s
s
u
r
e

f
a
c
e

x/S
0
0.003
0.007
0.012
0.017
0.024
0.032
0.042
0.066
0.090
0.114
0.139
0.163
0.187
0.211
0.235
0.259
0.283
0.306
0.329

Nodal Temperature distribution - Section 8

TTOT, (Kelvin)

1019.2
1022.8
1019
1022.6
1025
1024.4
1023.5
1023.3
1023.3
1023.6
1023.8
1024.3
1024.65
1025.1
1025.5
1025.9
1026.3
1026.8
1027.5
1027.8

T.E.

x/S
0.352
0.374
0.396
0.418
0.429
0.437
0.443
0.447
0.450
0.452
0.454
0.456
0.458
0.460
0.463
0.468
0.474
0.483
0.505
0.528

TTOT, (Kelvin)

-

1028.78
1029.33
1031.1
1032
1032.3
1032.7
1033.3
1034.4
1032.3
1030.5
1029.75
1029
1027.7
1029
1028.5
1028.5
1028.6
1028.9
1030.1
1030.4

s
u
c
t
i
0
n

f
a
c
e

L.E.
Table D.8

x/S
0.551
0.575
0.599
0.624
0.650
0.703
0.731
0.786
0.813
0.841
0.868
0.895
0.922
0.948
0.961
0.971
0.980
0.988
0.994
0.997
1.000

TTOT, (Kelvin)

1030.39
1030.47
1029.13
1028.82
1028.3
1027.6
1027.24
1026.26
1025.79
1025.2
1024.2
1023.5
1022.4
1021.3
1020.75
1020.2
1019.6
1019.4
1016.4
1026.9
1019.2

Thermal data corresponding to Section 8, Figure D.
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Appendix E
Structural Finite element Model Results
This Appendix tabulates detailed results which are referred to in Chapter Seven of
this report. The data in this appendix was obtained from the ANSYS/Multiphsyics
postprocessor module. Selection criteria were used to activate specified surface nodes.
Nodal data was listed in fixed width format from the ANSYS/Multiphsyics results
database and graphically presented within the Microsoft Excel spreadsheet
application.
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Appendix F
Pratt & Whitney JT8D Gas Turbine Engine
Figure. F.l

Section through the JT8D gas turbine engine, SIFCO, (1998).
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